Effect of Minerals on Coke Analogue Carbon Bonding and Reactivity by Aladejebi, Oluwatosin Adekunle
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
2017+ University of Wollongong Thesis Collections 
2017 
Effect of Minerals on Coke Analogue Carbon Bonding and Reactivity 
Oluwatosin Adekunle Aladejebi 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses1 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Aladejebi, Oluwatosin Adekunle, Effect of Minerals on Coke Analogue Carbon Bonding and Reactivity, 
Doctor of Philosophy thesis, School of Mechanical, Materials, Mechatronic and Biomedical Engineering, 
University of Wollongong, 2017. https://ro.uow.edu.au/theses1/213 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
 
 
Effect of Minerals on Coke Analogue 
Carbon Bonding and Reactivity 
 
A thesis submitted in fulfilment of the  
requirements for the award of the degree  
 








Oluwatosin Adekunle Aladejebi, BEng. MEng. 
 
Faculty of Engineering and Information Sciences 
School of Mechanical, Materials, Mechatronic and Biomedical Engineering 





I, Oluwatosin Adekunle Aladejebi, declare that this thesis, submitted in partial fulfillment 
of the requirements for the award of Doctor of Philosophy, in the Faculty of Engineering 
and Information Sciences, University of Wollongong, is my own work unless otherwise 
referenced or acknowledged. This document has not been submitted for qualifications at 




OLUWATOSIN ADEKUNLE ALADEJEBI 



















Metallurgical coke is an essential reagent in the ironmaking blast furnace process. A 
better understanding of coke behaviour (graphitisation and reactivity) in the blast 
furnace is critical to improving its performance in the blast furnace. This study 
introduces and evaluates a new approach to study coke behaviour, through the use of a 
coke analogue. A coke analogue is a laboratory tool developed to minimise the 
uncertainty associated with the complexity and inherent heterogeneity of metallurgical 
coke. In this study, the principal aim was to establish how representative of 
metallurgical coke is the coke analogue and develop a fundamental understanding of the 
effects of elemental/metallic Fe on the carbon (sp2–sp3) bonding and reactivity of the 
coke analogue. The form of the Fe addition was examined by adding elemental iron (Fe) 
and magnetite (Fe3O4) to the coke analogue. The magnetite was reduced to metallic iron 
(Fe) during the production of the coke analogue.  
 
 
How representative the coke analogue was of metallurgical coke was established by 
characterisation with respect to porosity, microstructure, carbon bonding (sp2–sp3) and 
reactivity testing in CO2. From this characterisation, it was found that the coke analogue 
was in general representative of metallurgical coke. The characterisation and findings 
are summarised below.  
• The porosity and pore size distribution of the coke analogue were evaluated 
using three different but complementary porosity measurements of optical 
microscopy, mercury porosimetry and neutron radiography (Dingo). The 
porosity and pore size distribution of the coke analogue were found to be well 
controlled and reproducible relative to metallurgical coke. The porosity of the 
coke analogues was highest in the 10–100µm range and broadly represents 
metallurgical coke in the range <200µm. The pores in the coke analogue are 
highly interconnected in three dimensions and typical of the interconnected 
pores in metallurgical coke. 
• The microstructure of the coke analogues was characterised using optical and 
electro-optical microscopy. The coke analogue microstructure was uniform and 
well controlled. It was made up of carbon (graphite grains and carbonised 
phenolic resin), Fe/minerals and pores. The coke analogue graphite grains were 
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similar in character to that of the reactive maceral derived component (RMDC) 
in metallurgical coke. The carbonised phenolic resin was similar in character to 
that of the inert maceral derived component (IMDC) in metallurgical coke. To a 
large degree, the nature of the carbon component was a constant in the 
experimental program, that is, the rank of the coke analogue was fixed. The 
production of the coke analogue allowed control of the Fe or mineral component 
(non-carbon phases) of the coke analogue. The added Fe or mineral phase 
(particle size, composition and morphology) and dispersion throughout the coke 
analogue are well controlled. This resulted in a less complex, homogenous and 
well controlled mineralogy relative to metallurgical coke. The control of the Fe 
or mineral and carbon components was key in minimising the uncertainty in the 
experimental program. 
• The sp2 and sp2–sp3 carbon bonding of the coke analogue were evaluated using 
Raman spectroscopy. The carbon bonding of the coke analogue was found to be 
a combination of ordered sp2 and disordered sp2–sp3 bonding types (0.16–1.55 
for I(D)/I(G) and 0–0.41 for I(V)/I(G)). These values, though broader than that of the 
metallurgical coke, cover the range of data for metallurgical coke measured in 
this study (1.16–1.45 for I(D)/I(G) and 0.38–0.62 for I(V)/I(G)) and the metallurgical 
coke reported in the literature.  
• The kinetic studies of the reaction of the coke analogues in CO2 were evaluated 
using a large sample (~8g) thermogravimetric technique at temperatures 
between 900°C and 1350°C. It was found that the reactivity of the coke 
analogues was in general similar to that of the metallurgical coke, both in terms 
of trends with time and the effects of temperature. Further, the reactivity of the 
coke analogue is more controlled and reproducible relative to the metallurgical 
coke. 
• Utilising the Walker Arrhenius approach, two temperature zones corresponding 
to different kinetic control regimes, chemical reaction controlled (zone I) and 
mixed controlled (zone II) were identified in the coke analogues. The zone I 
activation energy value obtained for the base coke analogue (273.6±0.5 kJ.mol–
1) was similar to the published results for metallurgical coke (222–266 kJ.mol–1). 
The similar activation energy value indicates that the reaction mechanism of the 
coke analogue is typical of metallurgical coke.  
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The use of the analogue allowed evaluation and quantification of elemental/metallic Fe 
effects on carbon bonding and the reactivity of the coke analogue in CO2 gas. With the 
addition of elemental Fe and Fe3O4 to the coke analogue it was found that, 
• the Raman technique identified an increase in the graphitic nature (increases sp2) 
of the carbon bonding as a result of the addition of Fe and Fe3O4 to the analogue.  
This effect was localised near to or at the Fe particle–carbon interface. The 
effect was discernible at a distance <5µm from the interface.  
• elemental Fe and Fe added as magnetite (Fe3O4) increased the reactivity of the 
coke analogue in CO2 relative to the base coke analogue. It was thought that 
elemental/metallic Fe increased the number of active carbon sites (Cf) in the 
coke analogue through carbon dissolution into Fe and the transfer of electrons 
from carbon into Fe. Further possible additional effects of Fe relate to the 
promotion of oxygen delivery to the active carbon sites (Cf) through the 
dissociation of CO2 on Fe surface and redox reactions between Fe and CO2 to 
form iron oxide and CO, followed by reduction of the iron oxide on reaction 
with carbon. The effects of Fe added as elemental Fe and Fe3O4 on the reactivity 
of the coke analogue was linearly proportional to the surface area of the Fe 
particles. There was a linear relationship between RC and Fe particle surface 
area. The Fe initially added as Fe3O4 gave a higher reactivity of the coke 
analogue relative to elemental Fe at a constant concentration and similar total 
surface area of Fe. Elemental/metallic Fe did not change the rate controlling 
mechanism for the reaction of the coke analogue in CO2. Hence, there was no 
change in the zone I activation energy value for the reaction of the coke 




After developing a fundamental understanding of the effects of Fe on carbon bonding 
and analogue reactivity in CO2, the secondary aim of this study was evaluated. That is, 
the effects of quartz (SiO2) and Fe bonded within a complex mineral (enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) on 
carbon bonding and reactivity of the coke analogue relative to the effects of elemental 
Fe were also evaluated. It was found that,  
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• quartz (SiO2) had no significant effect on the sp2 and sp2–sp3 bonding of the 
coke analogue. The addition of quartz (SiO2) also decreased the reactivity of the 
coke analogue in CO2 relative to the base coke analogue. The relative rate of 
reaction of the analogues were quartz < base < elemental Fe. It is not clear from 
the results obtained in this study why the addition of quartz lowered the 
analogue reactivity. 
• Fe bonded within a complex mineral (enstatite ferroan (Mg1.56Fe0.44Si2O6) and 
phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) had no significant effect 
on the sp2 and sp2–sp3 bonding of the coke analogue. The Fe containing minerals 
increased the reactivity of the coke analogue relative to the base coke analogue. 
In comparison with elemental Fe, their relative effects on coke analogue 
reactivity were base < enstatite ferroan < phlogopite ferroan < elemental Fe. The 
Fe containing mineral may have increased the analogue reactivity by promoting 
oxygen delivery to the active carbon sites (Cf). 
 
 
The findings of this study have shown that the coke analogue is representative of a 
simplified metallurgical coke having porosity, carbon bonding, microstructure and 
reaction behaviour similar to metallurgical coke. Further, the effect of 
elemental/metallic Fe on carbon bonding and analogue reactivity was established.  It has 
been interpreted that a coke analogue is a suitable tool for the study of metallurgical 
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Metallurgical coke is a key material in the ironmaking blast furnaces. It is the furnace 
fuel for the high-temperature process and the primary source of carbon monoxide gas 
for the reduction of iron oxide to iron. Coke also provides the structural support to 
maintain the furnace permeability required for high production rates. The performance 
of coke in the ironmaking blast furnace is related to its hot strength and reactivity. A 
number of factors affect the reactivity of metallurgical coke in the blast furnace [1-10]. 
These include carbon forms, coke texture, pore size distribution, connectivity and 
morphology, the inherent reactivity of the minerals in the metallurgical coke, and the 
chemical and physical environment it is exposed to during the blast furnace operation.  
 
Ideally, from an operational perspective, it would be desirable to predict the reactivity 
of metallurgical coke from these factors, but the current understanding of coke 
reactivity critically limits such predictions [3, 7, 11, 12]. This is because coke is a 
complex material that consists of different carbonaceous forms or textural components 
(originating from the parent coal macerals) and minerals, with a pore distribution and 
morphology dependent on the volatile matter in the parent coal (and coking conditions). 
In addition, it has significant heterogeneity in most metric(s) used to characterise its 
textural grouping, mineralogy, phase dispersion, morphology and porosity [3, 5, 7, 8, 
11-21].  
 
The mineral matter in coke is typically 8–12 mass%, which comes from the inorganic 
matter in the parent coal [2-4, 7, 8, 18, 21-25]. The mineralogy of coke is important as it 
is known to affect coke reactivity and graphitisation and slag formation in the blast 
furnace. A lack of understanding of the effects of mineralogy on metallurgical coke 
carbon when exposed to high temperatures and reactive atmospheres significantly limits 
coke reactivity predictions. In particular, a clear delineation of the effects of mineralogy 
on coke reactivity has proved difficult due to the potential non-additive effects of 




Some minerals and metals are known to promote the graphitisation (increase the sp2 
bonding) of carbonaceous materials [4, 7, 10, 26-41]. The process by which minerals 
and metals promote the graphitisation of carbonaceous materials is often referred to as 
catalytic graphitisation. The catalytic graphitisation of carbon by metals and minerals 
involves carbon dissolution and precipitation, or carbide formation and decomposition 
[26, 30, 31, 33, 35, 38-48]. With respect to metallurgical cokes, minerals and metallic 
iron promotes graphitisation [4, 7, 26, 45-49]. It is the metallic components in the 
minerals that promote graphitisation [4, 26, 46-48] and it is consistent with catalytic 
graphitisation of graphitisable and non-graphitisable carbons [26, 30, 32-44, 50-52].  
 
The use of metallurgical coke to test the specific effects of minerals and metallic iron on 
carbon bonding and reactivity is problematic due to the inherent complexity of coke 
(carbonaceous forms, mineral components and pore structure), along with the 
heterogeneous nature of coke’s constituents and structure [3, 5, 7, 8, 11-21]. This results 
in uncertainty and makes it difficult to isolate the effects of specific minerals on coke 
behaviour in experimental studies. This uncertainty can be minimised by using a coke 
analogue [11-13, 15, 16, 53-55]. The coke analogue is made from a number of 
carbonaceous materials, and minerals can be added to it for study. In the coke analogue, 
mineralogy as well as porosity can be controlled. In previous studies that used the coke 
analogue, the researchers were able to distinguish the specific effects of selected 
minerals and mineral combinations [12, 13, 16, 53] and coke ash [11] on the coke 
analogue’s reactivity with carbon dioxide at high temperatures. Further, it has also been 
demonstrated that the reaction mechanism and kinetics of the coke analogue reactivity 
in carbon dioxide with temperature is similar to that of metallurgical coke [15, 54, 55].  
 
As the coke analogue offers the possibility of being used to study some key aspects of 
metallurgical coke behaviour [11-13, 15, 16, 53-55], it is not clear whether the coke 
analogue has similar carbon bonding to that of metallurgical coke. A goal of this study 
is to answer this question, focusing on establishing whether the coke analogue is 
representative of the metallurgical coke. If so it can then be used as a control tool to 
evaluate the effects of metallic iron, iron as magnetite, iron bonded within an oxide and 
quartz on the carbon bonding and reaction kinetics of the coke analogue. The study of 
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the effects of metallic iron, iron containing minerals and quartz on coke analogue 
carbon bonding and reactivity are justifiable, because iron is often reported as metallic 
iron [7, 21, 24, 27, 56, 57], iron oxides [7, 11, 27, 56-59], iron bonded within an oxide 
[24, 27, 56, 57] and sulphides [7, 24, 27, 56, 57] in coke mineralogy. Quartz is also 
present in coke mineralogy [20, 22, 27, 56, 57, 59].  
 
The primary aims of this study are,  
1. To establish whether the coke analogue is representative of metallurgical coke.  
2. To investigate the effect of Fe in its elemental form and Fe added as magnetite 
(Fe3O4) on the carbon bonding and reactivity of the coke analogue.  
To further understand the effects of Fe on carbon bonding and coke reactivity secondary 
aims to deal with comparative effects of elemental Fe relative to    
3. quartz (SiO2) on the carbon bonding and reactivity of the coke analogue. 
4. Fe bonded within a complex mineral (enstatite ferroan (Mg1.56Fe0.44Si2O6) and 
phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) on the carbon bonding 
and reactivity of the coke analogue.    
 
To achieve the aims, the specific objectives of this study are,  
a) To evaluate the microstructure* of the coke analogues using optical and electro-
optical microscopy, 
b) To evaluate the carbon bonding of the coke analogues using Raman 
spectroscopy,  
c) To evaluate the porosity and pore size distribution of the coke analogues using 
three separate but complementary porosity measurements of optical microscopy 
combined with image analysis, mercury porosimetry and neutron radiography 
(Dingo), and 
                                                          
* In the metallurgical coke literature researchers often use the expression microtexture when dealing 
with coke microstructure. Generally, in this thesis, it is the microstructure that is being evaluated. 
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d)  To establish the reaction kinetics of the coke analogues with carbon dioxide 
during a reactivity test using a large sample thermogravimetric analyser (TGA). 
 
The research outcomes will be used to provide information to better understand the 




2. Literature review 
2.1. The ironmaking blast furnace 
The ironmaking blast furnace (see schematic given in Figure 2-1) is a high temperature 
chemical reactor. The main product of the blast furnace is molten iron and the by-
products are molten slag and gas. Molten iron production involves charging raw 
materials (iron oxide, coke and fluxes) into the furnace from the top and blowing 
preheated air and injectants, usually pulverised coal or natural gas, into the furnace 
through tuyeres located at the bottom of the furnace. The iron oxides, generally 
haematite (Fe2O3) or magnetite (Fe3O4), may be charged as sinter, pellets, ore or a 
combination of these materials. The primary source of the blast furnace fuel is 
metallurgical coke. In addition, coke is key in controlling the permeability of the blast 
furnace and also performs a chemical role in the production of CO gas to reduce the iron 
oxides. The blast furnace fluxes (limestone and magnesia) are added directly to the 
furnace or included in blast furnace sinter or pellets [1, 2, 8, 9, 44, 60-62].  
 
The temperature profile of a blast furnace, from the top of the furnace to the bottom of 
the furnace, and the type of chemical reactions that occur within three temperature 
zones of a typical blast furnace [1] are given in Figure 2-1. The three zones are the 
direct reduction, thermal reserve and preheat zones. 
 
The chemistry of the blast furnace involves the reaction of hot air, blown (blast) through 
the tuyeres, with metallurgical coke to form carbon monoxide. The reaction is 
sequential, initially forming carbon dioxide (reaction 2-1) then carbon monoxide 
(reaction 2-2).  
 
-1
2(g)2(s)(s) J.mol  0.84T--394100=ΔG°         CO→O+C  [63]   2-1 
-1
(g)(s)2(g) J.mol  170.76T-165300=ΔG°     2CO→C+CO   [63, 64]  2-2 
 
Reaction 2-2 is known as the Boudouard reaction, coke gasification reaction or the 




Figure 2-1: A schematic of a blast furnace, showing the distribution of gases and solids 





In the indirect reduction zone given in Figure 2-1, iron oxides react with carbon 
monoxide to produce iron and carbon dioxide, the reactions can be represented by 






2(g)4(s)3(g)3(s)2 J.mol  51.54T-30260-  =ΔG°   CO+O2Fe→CO+O3Fe  [63, 64] 2-3 
-1
2(g)(s)(g)4(s)3 J.mol  40.14T-32560=ΔG°       CO+3FeO→CO+OFe  [63, 64] 2-4 
-1
2(g)(s)(g)(s) J.mol  22.41T+20100- =ΔG°              CO+Fe→CO+FeO  [63, 64] 2-5 
 
In the direct reduction zone given in Figure 2-1, iron oxide reacts with carbon to 
produce iron and carbon monoxide, reactions 2-6 and 2-7.  
 
-1
(g)(s)(s)(l) J.mol  131.11T -118300 =ΔG°                CO +Fe→C  +FeO    [63, 64] 2-6 
-1
(g)(l)(s)(l) J.mol  138.72T -132107.2 =ΔG°                CO +Fe→C  +FeO  [64, 65] 2-7 
 
 
2.2. Metallurgical coke  
Metallurgical coke can be described as a complex composite material comprising of 
different carbonaceous forms, minerals and a pore structure. Coke is made by heating 
coals, preferably of low inorganic minerals, in a coke oven to approximately 1000–
1200°C in the absence of air. During the coke making process, coke microstructure and 
microtexture, and mineralogy are developed. The process also involves the release of 
volatile matter containing methane, carbon dioxide, carbon monoxide, hydrogen 
sulphides and hydrogen [2, 4, 7, 66-68].  
  
The properties of metallurgical coke are progressively changed as the coke descends 
towards the lower part of the blast furnace. Coke performance is affected by its 
composition and blast furnace operational conditions. It reacts with furnace gases, 
alkalis, inherent minerals and slag phases [6, 7, 10, 21, 24, 69, 70]. An example of the 
expected properties and composition of typical metallurgical cokes used in the 











Table 2-1: An example of the expected properties and composition of metallurgical 
cokes used in the ironmaking blast furnace [6, 8, 21, 71-75]. 
Properties and composition of typical metallurgical coke 
Mean size distribution  45–70 mm 
ASTM stability  60–64 
Coke Strength after Reaction (CSR) 50–74  
Coke Reactivity Index (CRI) 18–30  
Moisture 1–6 wt.(%)  
Volatile matter* <1 wt.(%) 
Ash* 8–12 wt.(%) 
Sulphur* 0.5–0.9 wt.(%)  
Phosphorus* 0.02–0.06 wt.(%)  
Alkalis* <0.3 wt.(%) 
*dry-based 
 
2.2.1. Metallurgical coke mineralogy 
Metallurgical coke contains approximately 8–12 mass% inorganic minerals [2, 4, 7, 8, 
10, 18, 21-25, 76, 77]. The minerals in metallurgical cokes are formed from the 
progenitor minerals from the parent coal. They are formed when minerals in coal 
undergo chemical, physical/chemical and structural transformations during coke making 
[3, 20, 25, 78-80]. Iron, iron containing minerals and quartz are some of the minerals 
reported in cokes [3, 7, 11, 20, 22, 24, 25, 27, 56-59, 66-68, 70, 80].  
 
The common techniques used in the characterisation of minerals in metallurgical cokes 
are X-ray diffraction (XRD) and scanning electron microscopy (SEM) [4, 7, 25, 56, 57, 
59, 68, 70, 81-85]. A detailed list of minerals and their compositions identified in some 








Table 2-2: A list of selected minerals and their composition identified in 
metallurgical cokes by different authors [3, 7, 25, 27, 56, 57, 67, 68, 80, 
81, 83] 
Minerals  Composition Minerals  Composition 
Akermanite  Ca2Mg2Si2O7 Iron Fe 
Albeit NaAlSi3O8 Iron phosphate FePO4 
Alumina Al2O3 Iron silicon Fe3Si 
Anatase TiO2 Jarosite Hydronian (K,H3O)Fe3(SO4)2(OH)6 
Bassanite CaSO4. 0.5H2O Leucite KAlSi2O6 
Brookite TiO2 Magnetite Fe3O4 
Calcite CaCO3 Mullite Al6Si2O13 
Coquimbite Fe2(SO4)3.9H2O Oldhamite CaS 
Cristobalite SiO2 Pyrrhotite Fe1-xS 
Diopside CaMgSi2O6 Quartz SiO2 
Fayalite Fe2SiO4 Rutile TiO2 
Fluorapatite Ca5(PO4)3F Spinel MgAl2O4 
Gehlenite Ca2Al2SiO7 Troilite FeS 
Hematite Fe2O3 Wustite FeO 
Hercynite FeAl2O4  
 
 
Gupta, et al. [7] and Rodrigues, et al. [68] used XRD to determine the nature mineral 
phases in metallurgical coke. The same authors [7, 68] used the SEM to assess the 
morphology, dispersion, and chemical composition of minerals in metallurgical coke. 
An example of the SEM images showing heterogeneity of mineral sizes and 





Figure 2-2: An example of the SEM images showing heterogeneity of mineral sizes and 
distributions in metallurgical cokes [7, 83]. 
 
During coke making, minerals in coal can undergo chemical and structural 
transformation and can react with other minerals or carbon to form new mineral species 
or phases in metallurgical coke [25, 26, 46, 68, 78-80, 86-91]. The chemical 
transformation may include mineral phase decomposition, the formation of carbides, 
and formation of new crystalline and glass phases. The structural transformation may 
include expansion (or swelling) of aluminosilicate and temperature-related polymorphs 
of quartz [20, 68, 78, 79, 87-89, 92-95]. For example, Rodrigues et al. [68] carbonised 
coal at 1000°C to form metallurgical coke, then heat treated the samples under the flow 
of argon to temperatures of 1500°C, 2000°C and 2500°C. The minerals identified in 





Figure 2-3: Minerals identified in a coke and its heat treated sample [68]. 
 
During coke reactivity testing in CO2, some minerals and metals transform from one 
form to the other and also react with one another and with carbon dioxide to form new 
mineral phase(s) or specie(s) [25, 27, 81, 96-98]. For example, Grigore et al. [81] 
studied mineral transformation during coke reactivity testing in CO2. They found that 
some mineral phases present in the unreacted metallurgical cokes were either absent or 
lower in the reacted samples, and some mineral phase(s) absent in the unreacted 
metallurgical cokes were found in the reacted samples. A typical example of minerals 






















Table 2-3:  The list of minerals and composition identified in unreacted and reacted 
(15% and 75% carbon conversion) metallurgical cokes by weight% [81].  
 
 
The stability of mineral phases in metallurgical cokes with temperatures can be 
predicted using multiphase equilibria thermodynamic software packages. An example of 
the multiphase equilibria thermodynamic software packages are MTDATA [99] and 
FactSage [100]. The phase equilibria calculation is based on Gibb’s free energy 
minimisation to predict the equilibrium phase stability.  
 
2.2.2.  Carbonaceous forms in metallurgical coke  
The carbonaceous forms in metallurgical coke are formed from the progenitor macerals 
in the parent coal. Its structural and textural properties depend on the rank of the parent 
coal [5, 60, 101-103]. In general, the carbonaceous forms in metallurgical coke are 
classified as inert maceral derived component (IMDC) and reactive maceral derived 
component (RMDC) [3, 5, 25, 60, 98, 101-113]. There are many techniques used in the 
characterisation of carbonaceous materials in metallurgical cokes. Optical microscopy, 
Raman spectroscopy, transmission electron microscopy (TEM), SEM and XRD are 
among the most common [3, 4, 10, 17, 18, 44, 62, 70, 82, 101, 105, 108, 110, 114-121].  
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The IMDC of coke is mainly isotropic, has less obvious or little grain structure, shows 
no variation in reflectance and colour, and the structure is poorly ordered. The RMDC 
of coke is mainly anisotropic, has a grain structure, shows variation in reflectance and 
colour and the structure is well ordered [3, 10, 17, 18, 44, 62, 101, 105, 108, 110, 114-
120]. The anisotropic character is generally classified according to their form and grain 
size of their mosaic texture (Figure 2-4) [101].  
 
 
Figure 2-4: An example of the classification and comparison of the anisotropic 
character in cokes by different users [101]. 
 
Raman spectroscopy has been used to study the structural order (ordered sp2 and 
disordered sp2–sp3 bonding) in metallurgical cokes [17, 18, 26, 62, 114-117, 122].  An 
example of typical Raman spectra of metallurgical cokes is given in Figure 2-5. The G 
band is associated with the perfect sp2 bonding (that is, no form of structural defect) of 
pristine graphite [123]. The D and 2D bands are associated with the sp2 bonding 
consisting of structural defects (that is, reduction in crystallite size or when graphene 
planes are bent) [18, 62, 116, 123-126]. The V band is associated with the less ordered 




Figure 2-5: An example of Raman spectra of metallurgical coke samples [116].  
 
The ratios of the Raman bands (equations 2-8 to 2-10) are used to indicate the type of 
carbon bonding present in charcoal, coal, coke and graphite [17, 18, 26, 62, 114-117, 
123, 125, 126, 129, 131-138]. The commonly used ratios are, 
(G)I
(D)I   =  bandG     the  toband D   theof ratio      2-8 
(G)I
(V)I   =  bandG     the  toband V   theof ratio      2-9 
(G)I
(2D)I   =  bandG     the  toband 2D   theof ratio      2-10 
 
The I(D)/I(G) and I(2D)/I(G) are used to indicate the degree of structural defects in sp2 
bonding in graphite, while the I(V)/I(G) is used to indicate the degree of disordered sp2–
sp3 bonding in coal and cokes [18, 115, 123, 133]. An example of data calculated from 
the Raman spectra of coal, coke or graphite using the ratios of the Raman bands is given 





Table 2-4: An example of data calculated from the Raman spectra of different 
carbonaceous materials using the ratios of the Raman bands. 
Materials Ratios of Raman Bands Band positions (cm–1) Reference 


















































































































# 1580 1360 1470 # [133] 
Activated 
charcoal 
0.96 0.45 # 1575 1355 1465 # [123] 
Graphite 0 0 0.48 1580 * * 2670 [132] 
Single crystal 
of graphite 
0 0 # 1575 * * # [123] 
# not reported      * no peak 
 
XRD has been used to study structural order in cokes [18, 25, 62, 70, 116, 119, 122, 
139-141]. A typical XRD profile of coke materials illustrating the carbon peaks ((002), 
(100) and (110)) is given in Figure 2-6. The (002) peak is the average stacking height of 
the aromatic planes of carbon crystallite, while (100) peak at approximately 44° (2θ) 
and (110) peak at approximately 81° (2θ) are ascribed to the hexagonal ring structure 
















Figure 2-6: A typical XRD profile of coke materials illustrating the carbon peaks 
((002), (100) and (110)). The XRD was carried out with cobalt Kα radiation 
(wavelength λ = 1.789Å) [62]. 
 
XRD analysis can be used to calculate structural parameters such as the crystallite 
height (Lc), crystallite width (La) and interlayer spacing (d002) [18, 25, 84, 111, 116, 
119, 139, 140, 142]. An example of typical Lc, La and d002 data for metallurgical cokes 
are given in Table 2-5. 
 
 
Table 2-5: An example of typical Lc, La and d002 data for metallurgical cokes. 
Lc(Å) La(Å) d002(Å) Reference 
46.6–92.7 90.9–132.6 3.44–3.50 [116] 
18.1–46.1 # # [141] 
10.0–150.0 18.0–40.0 3.41–3.48 [18] 
12.0–26.0 # 3.45–3.56 [62] 
18.0–17.0 # 3.43–3.52 [122] 
16.1–16.6 33.3–37.4 # [25] 
30.0–115.0 # # [119] 
20.0–40.0  # # [70] 
13.9–17.2  35.3–39.6 # [111] 












In general, the Lc measurement is used for assessing the structural order in metallurgical 
coke. An increase in Lc indicates increase in the structural order [18, 70, 116, 119, 139, 
142].  Lc can be calculated using the Scherrer’s equation [143], given as,  
θ cos  β
Kλ=cL           2-11 
where K is the shape factor of 0.89 radians, λ is the radiation wavelength of the X-ray 
source, β is the full width at half maximum (FWHM) of the carbon peak and θ is the 
Bragg scattering angle of the diffraction peak.   
 
It is generally argued that the carbon bonding of metallurgical coke can be modified by 
a number of factors. These factors are,  
1. physical distortion [44, 130, 144],  
2. annealing [18, 43, 44, 70, 115, 119, 145] and    
3. catalytic graphitisation [4, 25, 26], 
 
Alkali metals (potassium and sodium) can also interact with coke by diffusing into coke 
micropores or by intercalating with coke carbon without affecting the coke carbon 
bonding significantly [70, 82, 146, 147]. 
 
Physical distortion 
Physical distortion in carbon bonding is in the form of twisting, sliding or bending of 
graphene layers so that they are not aligned with one another. Physical distortion can 
lead to increase in the degree at which bonding is disordered, that is, increase in the 
amounts of sp3 bonding [44, 130, 144].  
 
The layers of hexagonal arrangements of the carbon atoms in graphite can be described 
as graphene layers. These layers do not lie immediately above and below each other but 




Figure 2-7: The structure of hexagonal graphite [121]. 
 
The graphene layers are held loosely together by van der Waals forces [44, 121]. The 
energy needed to slide the graphene layers over one another is low. With respect to 
metallurgical coke, Gornostayev et al. [89] suggests that changes in the volume of 
quartz (SiO2) as a result of phase transformation to tridymite (SiO2) during coke making 
can lead to the formation of cavities and cracks near the silica particle–coke interface 
(Figure 2-8). The resulting effect of change in the volume of silica (SiO2) on coke 







Figure 2-8: Influence of silica (SiO2) particles on the formation of cavities and cracks 
related to volume increase during coking [89].  
 
The effect of silica on carbon bonding was evaluated by Grobert et al. [144]. They 
studied a carbon–silica system heat treated at approximately 1200°C. On cooling the 







microscopy. A significant sliding of the graphene layers was observed at the carbon–
silica interface [144] indicating an increase in sp3 bonding at the interface [130].   
 
Annealing    
Metallurgical coke is graphitised during heat treatment, that is, becomes more sp2 in 
character [18, 43, 44, 70, 115, 119, 145]. The graphitisation represents an increase in 
structural order brought about by the movement of carbon atoms across surfaces and 
edges of graphene layers to sites of reduced energy and maximum stability [18, 35, 40, 
43, 44, 145].      
 
Kawakami et al. [18] used Raman spectroscopy to study the overall structural ordering 
in metallurgical coke with temperatures. In their study, they observed increasing 
ordering from a disordered sp2–sp3 bonding to ordered sp2 bonding with increasing 
temperature. The observation was expressed using the I(D)/I(G) versus I(V)/I(G) plot and 
given in Figure 2-9 [18]. From Figure 2-9, decrease in I(D)/I(G) values indicate a decrease 
in the amount of structural defects in the ordered sp2 bonding, while a decrease in 
I(V)/I(G) values indicate a decrease in the amount of sp3 bonding or an increase in the 
amount of sp2 bonding in a disordered sp2–sp3 bonding of the metallurgical cokes [18, 
115, 116, 123-130, 138]. The degree of graphitisation depends on temperature and time 
allowed to anneal the carbon structure [43, 44, 121, 148]. This is consistent with what is 
known about metallurgical coke using XRD Lc measurement [18, 70, 116, 119, 139, 
142]. A typical example of metallurgical coke XRD Lc measurement with temperature 
is given in Figure 2-10. The steps involved in structural ordering from a disordered sp2–















Figure 2-9: A plot of I(D)/I(G) versus I(V)/I(G) showing structural ordering in metallurgical 
coke with temperature [18].  
 










Figure 2-11: The schematics of steps involved in structural ordering from a disordered 































Catalytic graphitisation   
It is well known that some minerals and metals promote graphitisation (increase sp2 
bonding) of metallurgical coke. The process is referred to as catalytic graphitisation. It 
is generally argued that catalytic graphitisation occur through either dissolution and 
precipitation (Reaction 2-12), or carbide formation and decomposition (Reaction 2-13) 
steps [4, 7, 25, 26, 30, 32, 33, 38, 40, 41, 43, 45-49, 52, 149-152].  
Heating CoolingMinerals or metals + Carbon Carbon in solution Metal + Graphitised carbon→ →  2-12 
Heating CoolingMinerals or metals + Carbon Carbide formation Metal + Graphitised carbon→ →   2-13 
 
With respect to metallurgical coke, Wang et al. [26] studied the effect of iron on coke 
graphitisation using Raman spectroscopy. In their study, iron was added to a 
metallurgical coke sample and the mixture was heat treated at 1600°C for 1 hour. On 
cooling, they reported the formation of graphitised carbon (increased in sp2 bonding) 
around the iron particle with the graphitisation effect decreasing with increasing 
distance from the iron particle [26]. This is consistent with what is known of minerals 
that graphitise metallurgical coke [4, 25].  
 
Elements such as Al, Ca, Fe, K, Mg, Mn, O, P, S, Si and Ti are often reported in the 
mineral matter found in coke, with metallic iron also found in coke ash [3, 7, 25, 27, 56, 
57, 67, 68, 80]. The dissolution of carbon into metals is a function of temperature [63, 
153, 154] and is well established by Fick’s Second Law for non-steady state diffusion. 





C - C 8 -π Dt= exp .




        2-14  
where Cs is the carbon concentration at the surface, Ci is the initial carbon 
concentration, C  is the average carbon composition at time t, D is the diffusion 




The range of diffusion coefficients of interstitial and substitutional elements in iron is 
given in Figure 2-12. 
 
Figure 2-12: The range of diffusion coefficients of interstitial and substitutional 
elements in iron [63].  
 
Intercalation 
Intercalation in coke occurs when alkali (mostly potassium and sodium) present in coke 




















The intercalation of Na and K within coke crystal lattice could lead to an expansion of 
the coke carbon structure (to form cracks), increase stress, modify the coke surface area, 
weaken coke microstrength and weaken coke structure without affecting the coke 
carbon bonding significantly [70, 82, 104, 116, 146, 147]. Most intercalation studies in 
cokes were carried out by adding K in its elemental form, K as K2CO3 or K as K2O [10, 
82, 104, 146]. There was no evidence of intercalation in metallurgical cokes (containing 
alkali bearing minerals) obtained from the tuyere level of the ironmaking blast furnace 
[116].  
 
The common alkali bearing minerals found in coking coals are illite 
K(Al,Mg,Fe)2(OH)2[(Si,Al)4O10]H2O, biotite K(Mg,Fe2+)3[AlSi3O10](OH)2, muscovite 
KAl2[AlSi3O10](OH)2, and montmorillonite (Na,Ca)(Al,Mg,Fe)2(OH)2[Si4O10]nH2O 
[81, 147, 157-160].    
 
2.2.3.  Metallurgical coke pore structure   
The pore structure of metallurgical cokes is linked to the voids left after the escape of 
volatile matter during coke making, while fissures in metallurgical cokes are produced 
by internal stresses [2]. The pore size distribution in metallurgical coke is classified into 
coarse pores (pore diameter >10µm), macropores (pore diameter 0.05µm to 10µm), and 
micropores (pore diameter <0.002µm) and is consistent with other types of porous 
carbons in the context of physisorption [2, 76, 161, 162]. The pore size distribution and 
porosity of coke has a significant variation or scatter from lump to lump and is different 
for different positions in the coke oven [2, 3, 5, 163-166].  The porosity of typical 
metallurgical cokes ranges between 35% and 70% [2, 5, 11, 77, 108, 165, 167, 168] 
while the pore size distributions in metallurgical coke showing variation from lump to 





Figure 2-14: A plot of pore size distribution in metallurgical coke samples. 1(a, b, c) 
are from the same batch, 2(a, b, c) from a different batch, while (a, b, c) indicate 
different positions in the coke oven [2]. 
 
Optical microscopy [2, 3, 5, 44, 77, 163, 165, 167, 168] and mercury porosimetry [76, 
77, 163, 169, 170] are widely used to characterise the pore structure of coke. The 
Mahoney group [164, 171, 172] have used the Imaging and Medical Beamline of the 
Australian Synchrotron to perform micro-computed tomography (micro-CT) imaging on 
coke. The technique was used to study the three-dimensional pore structures of cokes.  
 
Optical microscopy is commonly used to characterise porosity, pore size distribution 
and pore shape of metallurgical cokes [2, 5, 77, 165, 167, 168]. The pore shape of a 
metallurgical coke can be circular, elliptical, rectangular, triangular or slit-like [163]. 







































Table 2-6:  Metallurgical coke pore properties [5].  
 
 
Mercury porosimetry has demonstrated an effective capability in characterising pores 
with equivalent diameter as low as 0.0035µm [163, 169, 170]. These pores may be 
difficult to measure with other porosity characterisation techniques, such as optical 
microscopy. The primary shortcoming of this method is that it measures the largest 
entrance towards a pore but not the inner size of a pore (see Figure 2-15) [169]. 
 





Using the micro-CT imaging porosity, pore size distribution and connectivity of pores 
in metallurgical cokes can be determined [164, 171, 172]. For example, Jenkins et al. 
[171] used this technique to characterise three-dimensional pore structure of different 
coke samples. The spacial resolution of the technique was ~8µm. The dimension of 
each sample was approximately 17mm diameter and 10mm thickness. The pore 
diameter range measured with this method was between 8–800µm. The study showed 
that pores in the metallurgical coke samples were highly interconnected in 3D (Table 2-
7) [171].  
 
Table 2-7: Porosity and voids connected in different coke samples with 16mm 




The Brunauer-Emmett-Teller (BET) technique can be used to determine the surface area 
of porous carbonaceous materials [161, 173]. It has the technique has the capability to 
characterise pores with equivalent diameter <2nm [162]. Prior to the BET measurement, 
samples are degassed, but degassing may lead to the decomposition of hydroxides or 
carbonates, formation of surface defects or irreversible changes in the texture of the 





2.3. Coke Reactivity in CO2 
Coke reactivity in CO2 involves carbon, carbon dioxide and carbon monoxide. The 
reaction of carbon and carbon dioxide to form carbon monoxide was given in reaction 
2-2 and reproduced in the following text.  
-1
(g)(s)2(g) J.mol  170.76T-165300=ΔG°     2CO→C+CO   [63, 64]   
 
The reaction mechanism of the coke–carbon dioxide reaction is based on the ability of 
the coke carbon to remove an oxygen atom from a carbon dioxide molecule and retain it 
on certain sites by chemical bonding. The oxygen is then released as carbon monoxide 
and a new carbon atom is exposed to the carbon dioxide for the reaction to continue. 
The coke–carbon dioxide reaction is generally reported to follow the oxygen exchange 




2(g)f CO  +  C(O)   ←
→
CO   + C
1
1
        2-15 
(g)
j
CO   →    C(O)
3
         2-16 
where Cf is active carbon site, C(O) is the chemisorbed oxygen on carbon and i1, j1, and 
j3 are the rate constants for the reactions.   
 
As suggested by previous investigators [44, 60, 174-178], both the forward and 
backward reactions 2-15 are very rapid and there is an equilibrium between the CO and 
CO2 in the system. The reaction 2-16 is the slowest step, assuming the concentration of 
the CO2 gas inside and outside the solid carbon is uniform [174]. The rate constants are 
functions of temperature and are common to all carbons having trigonal (coplanar) 
bonds regardless of source, particle size, porosity and crystallinity [174].   
 
The reaction of carbon with carbon dioxide fits into the Langmuir–Hinshelwood type 







C pk +pk + 1
pk
    =  R         2-17 
∑ ,
3j
1i   ≡3k    ,3j
1j   ≡2k    ,c1i   ≡1k        2-18 
where RC is the reaction rate, g.g-1.s-1, p is the partial pressures of the CO and CO2, Σc 
represents the total available active carbon sites and k1, k2 and k3 are the rate constants.  
 
Aderibigbe and Szekely [77] in their study on coke reactivity in CO2, found that as 
temperature increases the values of k1 increase while the value of both k2 and k3 
decreases. A typical plot of k1, k2, and k3 with temperature for coke reactivity in CO2 is 
given in Figure 2-16.   
 
Figure 2-16: The plot of ln ki (i = 1,2,3) versus 1/T for coke reactivity in CO2 [77]. 
 
The reaction rates of carbon with carbon dioxide can be calculated using the following 




1RC −=          2-19 
where W is the weight of the sample at time t (g), t is the time (s). 
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The reaction rate can be related to fractional carbon conversion, X,  
0W
W-0W=X           2-20 





1RC =          2-21 
 






ek=k           2-22 
where k0 is the pre–exponential factor (s-1), Ea is the activation energy (kJ.mol-1), R is 
the gas constant (J.mol-1.K-1), and T is the temperature (K). 
 
A linear form of equation 2-22, given in 2-23, can be used to study the effect of 
temperature on the rate constants (see Figure 2-16). In addition, activation energies can 







-=lnk          2-23  
While the Arrhenius equation is usually written for the rate constant rather than the 
reaction rate, it can also be adapted to determine the temperature dependency on the 






ek=R            2-24 
 
The reactivity of coke in CO2 can be influenced by a number of factors. These factors 
include, 
1. temperature [15, 21, 44, 60, 77, 175, 176, 181],  
2. constituent minerals and metals [10, 29, 56, 59, 96, 180, 183-187],  
3. carbonaceous form [3, 25, 98, 105, 108, 110-112, 188] and 
4. porosity [2, 3, 5, 165]. 
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The properties of the parent coal (coal rank and maceral composition) and the 
carbonisation conditions can also influence the porosity and carbonaceous form of coke, 
and as a consequence affect its reactivity in CO2. 
 
Coke reactivity in carbon dioxide involves several steps [44, 77, 175, 181],  
1. The mass transport of the CO2 reactant gas and CO product across the gas 
film between the exterior surface of the solid carbon and the main gas 
stream.  
2. The mass transport of the CO2 reactant gas from the exterior surface to an 
active carbon site below the surface of the solid carbon and the mass 
transport of the CO product in the opposite direction.  
3. The adsorption of the CO2 reactant gas on the carbon surface to form C(O) 
and the desorption of C(O) from the carbon surface and formation of new 
active carbon sites.  
4. The chemical reactions occur at the reaction sites. 
 
Steps 1–4 are functions of temperature [77, 174, 181]. Coke reactivity in CO2 can be 
divided into three temperature zones as illustrated in Figure 2-17 with an idealized 
Arrhenius plot [175, 176, 181]. The corresponding variations in the CO2 reactant gas 
concentration through the solid carbon is given in Figure 2-18, where R is the radius of 
the solid coke, δ is the thickness of the surrounding gas film and Cg is the CO2 bulk 























Figure 2-18: The variations in the CO2 reacting gas concentration through the solid 
coke at each zone [181]. 
 
Zone I is the low-temperature chemical reaction controlled zone, where the rate is 
controlled by Steps 3 and 4, and there is no impediment to CO2 reactant gas reaching 
the carbon surface. The CO2 reactant gas concentration is uniform throughout the bulk 
of the solid carbon or coke and is equal to the concentration in the gas phase [15, 44, 77, 
175, 181].  Zone II, the intermediate temperature zone, is a mixed controlled zone, 
where the rate is controlled by steps 2, 3 and 4 [44, 176, 181]. In zone II, there is lower 
probability (relative to zone I) for CO2 reactant gas to penetrate deep into the solid 
carbon/coke, with the reaction occurring closer to the external surface of the solid 
carbon or coke. This lower penetration is a consequence of pore diffusion (molecular or 
Knudsen) [15, 44, 77, 175, 176, 181, 189].  Zone III is the high-temperature gas phase 
mass transfer, where the rate is controlled by Step 1. The reaction is limited to the 













between II and III 
Intermediate zone 
between I and II 
Zone I Zone II Zone III 
1/T  
Zone III Zone II Zone I 
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reactant gas gets to the external surface of the solid carbon or coke, and the interior is 
unaffected until it is exposed to CO2 reactant gas [60, 175, 176, 181].  
 
The two intermediate zones show the transition between the ideal zones and represent 
transition from a single controlling mechanism to another, and are in part determined by 
the gas flow rate, gas composition and gas pressure as well as the coke material, particle 
size, porosity and the concentration of the active carbon sites [15, 175, 176, 181].  
 
The activation energy values for the reaction of coke, char, graphite and activated 
carbon in CO2 at each reaction zone are given in Table 2-8 [60, 174, 190-195].  
 
Table 2-8: The activation energy values for the reaction of coke, char, graphite and 
activated carbon in CO2 at each reaction zone. 
Carbon types Zone I activation energy 
with temperature range 
Zone II activation energy 
with temperature range 
Ref 
kJ.mol–1 °C kJ.mol–1 °C 
Metallurgical coke  222–266  770–931  – – [60] 
Metallurgical coke 249±47 850–1000 – – [77] 
Metallurgical coke 216–239  650–900 – – [190] 
Petroleum coke 203–235  745–905  – – [191] 
Petroleum coke 260±24 900–975  – – [192] 
Petroleum coke 214–231  650–900  – – [190] 
Petroleum coke 198  975–1050  – – [196] 
Coal char 185–244  650–900 – – [190] 
Char 174 1000–1200  95 1200–1600  [193] 
Graphite 305 900–1100    [194] 
Activated carbon 200 800–900  40 900–1100  [195] 








Effects of minerals and metals on coke reactivity in CO2   
It is well known that minerals in coke affect the reactivity of coke in CO2.  The presence 
of minerals in coke could lead to an increase or a decrease in coke reactivity.  
 
Minerals and Metals that increase coke reactivity 
It is generally argued that some minerals and metals in coal and coke increase the C–
CO2 reaction rate. This increase is a function of nature, size, dispersion, chemical state 
and amounts of the mineral and metals involved. Examples of  minerals and metals that 
increase reaction rate includes alkali metals [10, 59, 183-186, 197], alkaline earth metals 
[10, 59, 183, 186, 198] and transition metals such as iron and their oxides [12, 27, 29, 
56, 59, 96, 97, 180, 184, 186, 187, 199-202]. They increase the reaction rate through the 
mechanisms given below [10, 44, 56, 70, 82, 96, 97, 104, 116, 146, 147, 152, 174, 176, 
178, 186, 188, 197-214]. 
• Dissolution of carbon into metals 
The carbon–catalyst interaction allows carbon to dissolve into metals [152, 154, 201, 
202, 208, 215, 216]. When carbon diffuses into metals the carbon–carbon bonds at the 
carbon metal interface are weakened. The weakened carbon–carbon bonds act as an 
active carbon sites to increase reaction rates.  
• Dissociation of CO2 reactant gas on mineral or metal surfaces 
In this case the CO2 reactant gas dissociates on the mineral or metal surfaces to form 
CO and absorbed oxygen atoms. Once oxygen atoms are formed they react with the 
active carbon sites at the catalyst–carbon interface, and can also spill over from the 
mineral/metal surface to find an active carbon. The CO2 dissociation reaction 
mechanism can be written as reaction 2-25 to 2-27, and 2-28 and 2-29 [44, 97, 152, 178, 
199-202, 205, 206, 208, 210-215, 217].  
2(g)2(g)(s) CO +  M(O)  →CO+  M        2-25 
C(O)+M→C + M(O) (s)(s)         2-26 
(g)CO→ C(O)          2-27 
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22(g)(s) MO.CO  →CO+  MO         2-28 
(g)(s)(s)2 2CO+MO→C+MO.CO        2-29 
where M represents a metal, MO a metallic oxide, M(O) is chemisorbed oxygen on 
metal. 
 
With respect to C–CO2 reactions catalysed by metallic iron, the excess carbon in the 
metallic iron must be removed on reaction with CO2 in order to activate the metallic 
iron surface. That is, excess carbon in metallic iron could inhibit the catalytic efficient 
of Fe. The activated metallic iron surface would then be able to dissociate CO2 gas 
[215]. Both carbon in solution in liquid iron ([C]) and carbon as graphite <C> can react 
with CO2 reactant gas to release CO product gas (see reaction 2-30 and 2-31 
respectively).  
[ ] 1-J.mol -128.50T142706=ΔG°                 (g)2CO→2(g)CO+C  [63, 64]  2-30 
1-J.mol -170.76T165300=ΔG°            (g)2CO→2(g)+CO>C<  [63, 64]  2-31 
<C> reference state is pure graphite and [C] reference state is 1wt% standard state.  
 
• Redox reaction involving CO2 and metals  
The redox reaction suggests that Fe is oxidised by CO2, yielding an iron oxide and CO 
as products (reaction 2-32). The iron oxide is subsequently reduced by carbon giving 
CO and Fe (reaction 2-33), and the formation of new active carbon sites. The Fe is 
continuously renewed in reaction 2-33 to resume the redox cycle. The continuous 
contact between iron oxide and carbon surface is key to maintain the catalytic action of 
Fe [200, 212, 213].  
(g)x(s)y2(g)(s) xCO+OFe=xCO+ Fey        2-32 




• The transfer of electrons from carbon into minerals or metals    
According to Long and Sykes [206, 217] the transfer of electrons from carbon into 
minerals or metals would catalyse the C–CO2 reaction. The transfer of electrons results 
in a redistribution of the π electrons in the carbon structure at the carbon–mineral/metal 
interface. The redistribution of the π electrons creates new active carbon sites. This 
mechanism could be applicable to metallic Fe because it can accept electrons with its 
unfilled d-orbital [215].  
 
• Formation of intercalates in between the crystal structure of graphite 
The presence of K and Na in minerals are known to form intercalates in the crystal 
structure of graphite. The formation of intercalates can cause an expansion of the coke 
carbon structure (to form cracks), increase stress, modify the coke surface area, weaken 
coke microstrength and weaken coke structure to increase the reaction rate. That is, the 
formation of intercalates in between the crystal structure of graphite generates active 
carbon sites [70, 82, 104, 116, 146, 147]. 
 
Minerals that decrease coke reactivity 
Some minerals are reported to decrease coke reactivity in CO2. Most of these minerals 
decrease reactivity by covering the pores and pore walls of coke and covering coke 
surface [79, 89, 163, 168, 176, 186, 206, 218, 219].  For example, aluminosilicate in 
coke has been found to form a thin layer of molten slag that seals the interior walls of 
the coke pore structure against gas penetration [163]. Other studies also reported that 
quartz (SiO2) decrease coke reactivity [89, 168, 186, 219].   
 
Effects of coke carbonaceous form on coke reactivity in CO2   
The carbonaceous forms (inert maceral derived component (IMDC) and reactive 
maceral derived component (RMDC)) in metallurgical coke affect coke reactivity in 
CO2.  In general, the IMDC reacts faster in CO2 than the RMDC [3, 25, 98, 105, 108, 
110-112, 188]. This is in part due to the differences in the structural order of the RMDC 
and IMDC, which is higher for RMDC compared to IMDC [108, 111]. An example of 
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changes in the carbonaceous form of metallurgical coke after reaction in CO2 at 1100°C 
for 2 hours is given in Figure 2-19 [108]. The micrograph shows significant loss of 










Figure 2-19: An example of change in IMDC and RMDC of metallurgical coke, (a) pre 
reactivity test and (b) after reaction with CO2 at 1100°C for 2 hours [3]. 
 
 
Effect of porosity on coke reactivity 
The porosity of coke plays a part in the reactivity of metallurgical coke in CO2 [2, 3, 5, 
165, 168]. Patrick and Walker [165] studied the effect of porosity on the reactivity of 
three metallurgical cokes in CO2 at 1000°C. The metallurgical cokes used in their study 
had different initial porosity values. Image analysis was used to measure porosity in the 
pore diameter range 5.45–4000µm. In their study, they found that the initial porosity of 
the metallurgical coke sample is related to the reactivity of the metallurgical coke 









Figure 2-20: The plot of metallurgical coke CO2 reactivity versus porosity [165]. 
 
The porosity of coke increases after reaction in CO2 (relative to porosity before reaction 
in CO2) [77, 108].  For example, Aderibigbe and Szekely [77] studied the evolution of 
porosity in metallurgical coke reacted in CO2 at 1000°C. They found that the porosity of 
the metallurgical coke increases with loss of carbon due to reaction (Figure 2-21). The 
figure also shows how the loss of carbon due to the reaction affects the relative 
proportion of the large (>35µm) and the small (<32nm) diameter pores. The molecular 
diffusion predominates in the large pores while the Knudsen diffusion dominates in the 
small pores [77].  
 
 





































Loss of carbon due to reaction (%)
total porosity of coke
porosity due to pores >35µm diameter
porosity due to pores <32nm diameter
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2.3.1. Coke reactivity testing 
There are many coke reactivity tests used to measure the performance of metallurgical 
coke. The main characteristics of the different methods are given in Table 2-9 [179]. 
 
Table 2-9:  A summary of the main characteristic of different coke reactivity tests 
[179]. 















NSC 200 19–21 1100 120 0.3 
ECE 7–10 1–3 1000 15 or 30 0.072 
ECE–
INCAR  
7 1–3 1000 60 0.072 
NCB 20000 >20 1069 360–480 5.4 
Gost 10089–
73 
200 3–6 1000 60 0.12 
IRSID–
CERCHAR 








750–1000 10 Adjusted to 
10% 
conversion 
NSC, Nippon Steel Corporation,  
ECE, Economic Commission for Europe,  
INCAR, Instituto Nacional del Carbon,  
NCB, National Coke Board. 
IRSID-CERCHAR, Ingenieur au Centre d'Etudes et Recherches des Charbonnages de France.  
 
The NSC procedure is the most commonly used of all the methods given in Table 2-9 
[3, 21, 70, 108, 120, 179, 186, 188, 220-225]. The test is used to measure coke 
reactivity index (CRI) and coke strength after reaction (CSR). The CRI is determined 
as, 
100%  X  
 weightoriginal
in weight loss
  =CRI        2-34 
CSR is determined as,  
100%  X  
reactionsafter weight 
srevolution 600after  10mm> ofweight 




An example of CRI and CSR values reported for metallurgical cokes are given in Table 
2-10, with an example of the linear relationship between the CRI and CSR for 
approximately 60 coke samples produced from coals of different sources, ranks and 
blends given in Figure 2-22 [179] and consistent with the findings of other authors [3, 
21, 188, 221, 224, 225].  
 
 
Table 2-10:  An example of CRI and CSR values reported for metallurgical cokes 
CRI CSR References 
15–80 0–75 Menendez et al. [179] 
20–60 20–60 Miroshnichenko et al. [225] 
14–38 50–79 Sakurovs et al. [188] 
30–55 25–82 Koszorek et al. [221] 
26–59 24–62 Krzesinska et al. [224] 
21–47 32–70 Xing et al. [69] 
17–31 58–68 Haapakangas et al. [21] 
30–44 37–61 Pusz et al. [108] 
 
 
Figure 2-22: The relationship between the CRI and CSR of metallurgical cokes [179].  
 
The limitations of the CRI/CSR test compared to real blast furnace performance are [21, 
59, 69], 
1. that very high CO2 levels are used,  
2. a single temperature (1100°C) is used for testing, whereas in the blast furnace 
coke is exposed to temperatures of up to 2000°C, and  
3. ex-situ measurements.  
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The thermogravimetric analysis (TGA) is the most common laboratory method used to 
study coke reactivity under varying conditions, such as varying gas composition, 
temperature, initial sample mass and particle size [11, 21, 60, 70, 77, 115, 226, 227]. A 
schematic of the TGA used by Aderibigbe and Szekely [77] in their coke reactivity 
study is given in Figure 2-23. The major components of the TGA set-up are given in the 
figure. In that study, metallurgical coke samples were placed in a platinum basket, 
suspended from one arm of a recording balance with the help of platinum suspension 
wire. The sample was preheated under the flow of argon gas to the desired reaction 
temperature. Then the CO2 reactant gas was supplied at a predetermined rate into the 
TGA for the coke reactivity test [77].  
 
Figure 2-23: A schematic diagram of the TGA system used for coke reactivity test [77]. 
 
An example of fractional weight change, FWC, of the metallurgical coke samples as 
they reacted in CO2 at 1100°C in a TGA system is given in Figure 2-24. The FWC was 
calculated as,       
0W
0 W-W =FWC          2-36  
where W represents the mass of the coke analogue at time t and W0 represents the mass 
of the coke analogue at time zero (the changeover of gas from Ar to CO2).  
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Figure 2-24: The FWC curves for the reaction of three metallurgical coke samples with 
CO2 at 1100°C [11].  
 
2.4. Coke analogue 
As mentioned previously, investigations of metallurgical coke behaviour are 
problematic due to the complexity and heterogeneous issues. These issues can be 
minimised or lessened with the use of a coke analogue. A coke analogue, of controlled 
porosity, mineralogy and mineral dispersion has been used to study selected aspects of 
metallurgical coke reactivity [11-13, 15, 16, 53-55, 58, 228].   
 
Longbottom et al. [53] and Reid et al. [12] studied the effects of selected minerals and 
metallic iron on the reactivity of the coke analogue in CO2. The reactivity testing was 
carried out in a 100% CO2 atmosphere at a single temperature of 1100°C. In the 
Longbottom et al. [53] study, the coke analogues were prepared with silica in the form 
of quartz and cristobalite. It was found that silica addition decreased the reactivity of the 
coke analogue relative to the coke analogue prepared with no silica (Figure 2-25). 
Further increasing the quartz concentration decreased reactivity. Silica added as quartz 
and cristobalite at a constant concentration and similar particle sizes have the same 
effect on reactivity. The study also showed that at a constant concentration, the coke 
analogue containing smaller sized quartz particles (–38µm) decreased reactivity relative 




Figure 2-25: The FWC of the coke analogue samples after reaction in CO2 at 1100°C 
for 2 hours [53]. 
 
In the Reid et al. [12] study, single minerals and metallic iron were added to the coke 
analogue at a constant concentration of 0.1mol cations per 100g of the coke analogue 
carbonaceous materials. The study showed that the addition of pyrite, gypsum, iron, 
troilite, magnetite, lime and hematite increased the reactivity of the coke analogue 
relative to the base coke analogue. Also, the addition of Na feldspar, K feldspar, quartz 
and kaolinite decreased the reactivity of the coke analogue relative to the base coke 
analogue (Figure 2-26) [12].  
 
Figure 2-26: The FWC versus time for coke analogues containing single minerals at 
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The coke analogue has also been used to study the effect of selected minerals and 
mineral combinations [12, 13, 16, 53, 58, 228] and coke ash [11] on coke analogue 
reactivity in CO2. With respect to the coke ash reactivity study, Longbottom et al. [11] 
added mineral matter from three metallurgical coke ash to the coke analogue at a 
constant proportion of 10 mass% and a particle size of –38µm, eliminating the effect of 
carbon type and rank. The study showed that the coke analogue was able to replicate the 
reactivity of metallurgical coke [11].  
 
In studies that focused on the effects of binary and ternary combinations of minerals on 
coke analogue reactivity in CO2 [13, 16, 58, 228], it was found that the reactivity trends 
in the binary and ternary combinations were similar, with the testing allowing better 
understanding and prediction of the combined effect of minerals on the reactivity of 
metallurgical cokes.  
 
Jayasekara et al. [15, 54] studied the kinetic behaviour of the coke analogue reacted in 
CO2. The study was carried out over the temperature range 900°C–1350°C. Both studies 
showed that the coke analogue was able to replicate the kinetic behaviour of 
metallurgical coke. In the first study [15] they used the base coke analogue. In this study 
it was shown that the reaction mechanism of the base coke analogue reacted in CO2 was 
similar to that of metallurgical coke. The kinetics of the reaction of the coke analogue in 
CO2 was characterised into chemical reaction controlled (zone I) and mixed (pore 
diffusion and chemical reaction) controlled (zone II). The plot of the ln(RC) versus 1/T 
of the coke analogue is given in Figure 2-27 and is consistent with Figure 2-17 for 
cokes/carbon. The zone I activation energy value for the reaction of the base coke 
analogue (273.6±0.5 kJ.mol-1) is similar to the zone I activation energy value of 















Figure 2-27: The plot of ln(RC) against 1/T for base coke analogue reacted in CO2 with 
temperature and showing reaction zones [15].  
 
In the second study [54] they studied the catalytic effect of lime on the reaction rate of 
the coke analogue in CO2. The study indicated that lime increased the reaction rate and 
decreased the zone I activation energy value (119.8±1.5 kJ.mol-1)  of the reaction of the 
coke analogue relative to the base coke analogue (273.6±0.5 kJ.mol-1)  [54].  
 
2.5. Key issues in the literature that need to be considered  
Metallurgical coke is an intricate material that is made up of diverse carbonaceous 
forms, mineral components and has a pore size distribution with pores of various 
morphologies. The carbonaceous forms, inorganic minerals and pore structures of the 
metallurgical coke influence its reactivity in the iron making blast furnace. The key 
issues established from the coke literature are that, 
 
• metallurgical coke textural component grouping, mineralogy, phase dispersion, 
morphology and pore structure can differ within a metallurgical coke batch or 
lump and from metallurgical coke to coke type  [3, 5, 7, 8, 11-20],  
 
• it is difficult to assess the effects of specific minerals on the behaviour of 



















Zone I Zone II 
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additive effects of minerals, and experimental uncertainties associated with the 
use of metallurgical coke,  
 
• the carbon bonding in the metallurgical coke is primarily the disordered sp2–sp3 
bonding. Metallic iron has been reported to promote the formation of ordered sp2 
bonding close to the metallic iron–metallurgical coke interface. The roles played 
by iron as oxides in the form of magnetite (Fe3O4), enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2], 
and quartz (SiO2) on the carbon bonding of the metallurgical coke is not well 
known, and  
 
• the minerals and metals in metallurgical cokes are known to either increase or 
decrease coke reactivity with CO2. Minerals and metals could increase coke 
reactivity by creating more active carbon sites, while they could decrease coke 
reactivity by blocking pore walls and pore surface, and carbon surface.   
 
This literature review highlights the need to have a laboratory tool that is representative 
of simplified metallurgical coke with controlled porosity, mineralogy and mineral 
dispersion throughout the coke, with the aim being to better understand the specific 
effects of minerals on coke reactivity and carbon bonding. This is what the present 
study seeks to resolve using a coke analogue.  
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3.  Experimental 
This investigation is focused on elucidating the effects of metals and minerals on the 
carbon bonding and CO2 reactivity of coke analogue with a specific focus on 
metallic/elemental iron. To expand the relevance of this work, quartz (SiO2) and Fe 
bonded within a complex mineral (enstatite ferroan (Mg1.56Fe0.44Si2O6) and phlogopite 
ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) were also evaluated. The quartz and Fe 
bonded within mineral effects on carbon bonding and analogue reactivity were simply 
contrasted with those of the elemental Fe. To achieve this, the following approaches 
were used. 
• Raman spectroscopy to characterise the carbon bonding in the coke analogue. 
The technique was also used to assess the effect of metallic iron and minerals on 
the carbon bonding in the coke analogue. This work was augmented with optical 
and electro-optical microscopy techniques.  
• Three separate but complementary porosity measurement techniques. Optical 
microscopy linked to image analysis, mercury porosimetry and Dingo neutron 
radiography were used to assess the coke analogue porosity. This was 
principally carried out to ensure the structure of the coke analogue was 
characterised but also to aid comparison of reactivity experiments.  
• CO2 reactivity experiments using a large sample (~8g) thermogravimetric 
analyser (TGA).  
In addition, the coke analogue systems studied were subjected to thermodynamic 
analysis using the MTDATA thermodynamic software, version 5.10 [99]. The 
characterisation approach was required as the coke analogue is a relatively new 
material. To further evaluate coke analogue performance, selected measurements 
(Raman spectroscopy, optical microscopy linked to image analysis, optical porosity and 
Dingo neutron radiography) were also carried out on the metallurgical coke for 
comparison. 
 
Given the coke analogue is a relatively new material and the primary material used in 
this study, its production has been brought to the beginning of this experimental chapter. 
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3.1.  Coke analogue production 
The coke analogues were prepared by mixing carbonaceous materials, graphite and 
phenolic resins (Bakelite and Novolac), and non-carbonaceous materials. The full 
details of the materials used, their purity, proportional addition, supplier and particle 
size are given in Table 3-1.  
 
Table 3-1: The purity, proportional addition, supplier and particle sizes of the 
materials used to make the coke analogue.   
Materials Purity 
(%) 
Proportional addition Supplier Particle 
size (µm) 
Graphite Powder 1# >99.99 28% of dry mass Sigma–Aldrich <45  
Graphite Powder 2# >99.99 28% of dry mass Sigma–Aldrich <150  
Phenolic resin 
(Bakelite)*  






99.8 Ratio of 0.52 liquid/dry 
mix 









Non-carbonaceous& - 0.10mol cation/100g of 
Carbonaceous҂ 
- 38–53† 
#Full details are given in Appendix I – Material purity. 
*The phenolic resin (Bakelite) used in this study is a carbonaceous material that 
contains small amounts of mineral matter. The loss on ignition test showed 
approximately 4 mass % was mineral matter. The mineral matter consisted of alumina–
silica–calcia oxide. 
+The phenolic resin (Novolac) was dissolved in propylene glycol in a mass ratio of 1:1 
to form a resin. A VMA Getzmann cavitation mixer was used to homogenise the resin 
at a temperature of ~60°C. The mixer speed was ~5000rpm and the process takes ~20 
minutes.  
&The backscattered SEM images of the green additions are given in Figure 3-1. 
҂Coke analogues containing metallic iron of 0.20 mol cation/100g of carbonaceous 
materials and magnetite of 0.16 mol cation/100g of carbonaceous materials were also 
evaluated.   














































Figure 3-1:  Typical backscattered SEM images of the non-carbonaceous materials 
used to make the coke analogues. (a) Metallic iron (Fe) of <10µm particle size, (b) 
metallic iron (Fe) of 38–53µm particle size, (c) metallic iron (Fe) of 75–90µm particle 
size, (d) magnetite (Fe3O4) of 38–53µm particle size, (e) enstatite ferroan 
(Mg1.56Fe0.44Si2O6) of 38–53µm particle size, (f) phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] of 38–53µm particle size and (g) quartz (SiO2) of 38–










(b)  (f)  




The details of the non-carbonaceous materials (metallic iron, iron containing minerals 
and quartz) used to make the coke analogues are given in Table 3-2.  
 
Table 3-2: The purity, supplier and size description of non-carbonaceous materials 
used to make the coke analogues.  
Non-carbonaceous materials* Purity (%) Suppliers Size 
description 




Metallic iron 2, (Fe)# >99.5 Höganäs <150µm 
powder 
Low carbon aluminium killed 
(LCAK) steel# 
99.62 BlueScope 2mm x 7mm x 
9mm 
Magnetite, (Fe3O4) #  72 mass% of 




Enstatite Ferroan, (Mg1.56Fe0.44Si2O6)+  NA Wards’ 
Science 






1–10 mm  
diameter flake 




*These names represent green additions to the coke analogue. For example, magnetite 
in the coke analogue was reduced to iron during the firing process. The phases of the 
non-carbonaceous materials (metallic iron, iron containing minerals and quartz) used to 
make the coke analogue and their states in the fired coke analogues were confirmed 
using XRD (see Table 3-3). Where more than one mineral phase was identified Maud 
diffraction software version 2.55 [229] linked to crystallography database of crystal 
structures [230] was used to quantify the phases in weight%. The XRD patterns are 
given in Appendix II. 
     
#Full details are given in Appendix I – Material purity. 
 
+Enstatite ferroan and phlogopite ferroan are commercial mineral samples. They are 
described with the matching XRD diffraction database system [231, 232]. They were 
calcined to 500°C in air before they were used to make the coke analogue. This was 
carried out to ensure the coke analogue porosity was controlled, but not to decompose 
the minerals. It was also carried out to remove bonded OH and F from the phlogopite 
ferroan. Their detailed chemical composition as measured by XRF is given in Table II-4 
[233]. 
Table 3-3: The phases of the non-carbonaceous materials used to make the coke analogue and their stability in the fired coke analogue 
and after ashing at 520°C.  
Non-carbonaceous materials Prior to addition Phases identified in the coke analogue using the XRD 
Without ashing After ashing at 520°C 
Metallic iron 1 (Fe) Iron (Fe) Iron (Fe) – 
Metallic iron 2 (Fe) Iron (Fe) Iron (Fe) – 
















14.7% and osumilite 
(KMg2Al3(Si10Al2)O30) 85.3% 
Forsterite (Mg2SiO4) 50.9%, sanidine 
(KAlSi3O8) 41.1%, gedrite 
[(Fe,Mg,Al)7Al2Si6O22(OH)2] 4.6%,  
hematite (Fe2O3) 3.4% and magnetite 
(Fe3O4) (trace amount) 
Quartz (SiO2) Quartz (SiO2) Quartz (SiO2) – 






3.1.1.  The coke analogue production procedure 
A step by step guide for the coke analogue production is given as follows.   
 
The ‘dry’ materials (graphite powders, phenolic resin (Bakelite), HTMA, non-
carbonaceous materials) were weighed. The powders were then mixed in a helical mixer 
at 5 rpm for 1 hour. The dry component was then added to phenolic resin (Novolac) and 
mixed by hand until a homogeneous mixture was obtained (this process took 
approximately 30 minutes). The mixture was then divided into ~14 g parts and rolled 
into a ball.  
 
Each 14 g ball was then rolled into a rod to fit into a 19 mm diameter and 50 mm length 
steel die. The rod was then hydraulically pressed to form cylindrical shaped green 
analogue. A ram pressure of approximately 40 Pa was used. 
 
The green analogue was cured in an industrial oven in air at 170°C for 24 hours. In this 
step, the Novolac resin reacted with the HTMA and hardened. 
 
It was then fired in a two-stage process (see Figure 3-2 for firing details).  The firing 
was carried out in a high-temperature resistance tube furnace under argon (see 
schematic given in Figures 3-3 and 3-4). The analogues were placed in steel tube and 
graphite crucible in 1st (at 950°C) stage and 2nd (at 1200°C) stage firing respectively. 
The mass of a coke analogue after the 2nd stage firing was approximately 8 g.  
Note, the analogue was fired at 1200°C to simulate coke oven operational 
temperature. Coke is made in a coke oven at approximately 1000–1200°C. 
 












Figure 3-2: A schematic illustration of the firing regimes used in the coke analogue 









Figure 3-3: A schematic of the coke analogue production furnace, showing (a) 1st stage 






Figure 3-4: A schematic of the gas cleaning system for Ar prior to entering the furnace. 
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Packed bed of calcium sulphate (drierite) and sodium 












Time, (mins)  
1200 
5°C/min 
1st stage 2nd stage 
60 minutes 
60 minutes 
20°C/min 20°C/min 5°C/min 
10°C/min 10°C/min 
50 
analogues placed inside a steel 
tube for firing  
analogues placed inside a 




containing coke analogue 
Alumina pedestal 






Tar trap Gas scrubbing 
(a) (b) 
Tar trap Gas scrubbing 
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The decomposition of the phenolic resins, used to make the coke analogue, during coke 
analogue firing can be summarized as [24, 234-239],  
(1) At temperatures <600°C there was liberation of gaseous products. The 
products are H2O, carbon dioxide, carbon monoxide, methane, phenol, 
cresols and xylenols, and 
(2) At temperatures >600°C there was formation of carbon matrix from the 
carbonised phenolic resin.      
 
A typical non-polarised optical micrograph showing the carbon microstructure of the 











Figure 3-5: A typical non-polarised optical micrograph of the base coke analogue 






(similar to the original 
<150µm particle size 
addition) 
Graphite grains (similar to the original 
<45µm particle size addition) 
Carbonised phenolic resin (less obvious or 




3.1.2.   Coke analogue production furnace calibration 
A high temperature resistance tube furnace was used to fire the analogues under argon 
(see Figures 3-3 and 3-4). Prior to firing the analogues, the resistance tube furnace was 
calibrated with respect to temperature under argon. The thermal profile for the 
resistance tube furnace was established to determine the position and length of the 
stable hot zone. A type R thermocouple was used to measure the resistance furnace 
thermal profile by progressively lowering it into the furnace equidistant from the 
furnace wall. A period of approximately 10 minutes was allowed to stabilise thermally, 
and then the temperature was recorded. The temperature profile for the furnace is given 










Figure 3-6: The thermal profile for the resistance furnace used to fire the coke 
analogues. Furnace set point = 1550°C. 
 
A sample experimental temperature was established using the thermocouple/coke 
analogue set-up given in Figure 3-7. The thermocouple/coke analogue set-up was 
lowered into the centre of the furnace hot zone (see Figure 3-6). The furnace 
temperature was then stepped through series of temperature that spanned the coke 
analogue experimental temperature range. At each temperature, the furnace was left for 
approximately 30 minutes to stabilise thermally and then the temperature was recorded. 
This was carried out in an argon atmosphere. A plot of the sample experimental 
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response measurement was taken in both the steel tube and graphite crucible used in the 






Figure 3-7: The thermocouple/coke analogue set-up used to establish the sample 








Figure 3-8: A plot of measured temperature versus the furnace set temperature for the 
coke analogue production furnace. The straight lines are linear fits of the data.    
 
Key output from coke analogue production 
The key output from coke analogue production was coke analogues of controlled 
porosity and metallic iron/minerals composition and dispersion. Full details of the coke 
analogues produced are given in Table 3-4.  
 
 
3.2.  Characterisation techniques 
The characterisation techniques used to evaluate the coke analogues and metallurgical 
coke are given in Table 3-5.  
Coke analogue sample 
Alumina tube containing the 
thermocouple 
Graphite crucible (850–1350°C)
T(measured) = 0.939T(set) + 16.044
R² = 0.999
Steel tube (850–1000°C)

























   
   
Furnace set temperature, T (°C)
  Table 3-4: The details of the coke analogues produced.  




Name Particle size 
or dimension 
Concentration, 
(mol cation/100g C) 
Total surface 
area#, 
(m2/100 g C) 
Density, 
(g/cm3)  
Base None - - - - 29.3±2.3 
Metallic iron 5µm Metallic iron (Fe) <10µm 0.10 0.903 7.87 [93] 31.8 
Metallic iron 46µm Metallic iron(Fe) 38–53µm  0.10 0.099 7.87 [93] 31.9 
Metallic iron 46µm (I) Metallic iron(Fe) 38–53µm  0.20 0.213 7.87 [93] 31.4 
Metallic iron 83µm Metallic iron(Fe) 75–90µm  0.10 0.055 7.87 [93] 30.9 
Low carbon aluminium killed 
(LCAK) steel 
LCAK 2mm x 7mm 
x 9mm 
- -  - 
Magnetite 46µm Magnetite (Fe3O4) 38–53µm  0.10 - 5.17 [93] 29.7 
Equivalent Fe from Fe3O4 46 µm+ - - - 0.130 7.87 [93] - 
Magnetite 46µm (I) Magnetite (Fe3O4) 38–53µm  0.16 - 5.17 [93] 30.7 
Equivalent Fe from Fe3O4 46 µm (I)+  - - 0.213 7.87 [93] - 
Enstatite ferroan (Mg1.56Fe0.44Si2O6) Enstatite ferroan 
(Mg1.56Fe0.44Si2O6) 





38–53µm  0.10 0.262 3.00 [93] 28.7 
Quartz (SiO2) Quartz (SiO2) 38–53µm  0.10 0.318 2.65 [93] 28.5 
*The coke analogue name identifier will be used to refer to the coke analogues in this thesis. 
#The total surface area was calculated using the mass and density of the metallic Fe/minerals added. Assuming the mean of the particle size range can 
be used to characterise the diameter of the metallic Fe/mineral and approximation of spherical particles. 
+The total surface area has been corrected to compensate for the reduction of Fe3O4 as green addition to Fe after the firing process and assuming no 
loss of metallic Fe content. The mass of Fe after firing and the density of Fe were used to calculate the change in the total surface area. 
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Table 3-5: A summary of the characterisation techniques used in this work and the samples they were used to measure.  
Characterisation 
techniques 
Coke analogues Metallurgical 





























√ √ √ √ √ – √ √ √ √ √ √ 




√ √ √ – √ – √ – √ √ √ √ 
Polarised optical 
microscopy 
√ – – – – – – – – – – – 




√ – √ – – – √ – – – √ √ 
XRD √ √ √ √ √ – √ √ √ √ √ – 
LECO carbon 
and sulphur 
– – – – – √ – – – – – – 






3.2.1.  General sample preparation for the coke analogue characterisation 
A polished sample surface is required for the Raman spectroscopy, optical and electro-
optical microscopy and optical porosity. A step by step guide for sample preparation for 
the coke analogue characterisation is given as follows,  
• A mark was created on the side of the coke analogue (see Figure 3-9). 







Figure 3-9: The set-up used to establish the coke analogue sample reference position. 
• The coke analogue was sectioned at ~10mm depth from the top of the sample 
(see Figure 3-10). 
Note, an automated Struer Accutom-50 precision cutter was used to section the 












Figure 3-10: A schematic of the set up used to establish the coke analogue sample 
sectioning position. 
• The coke analogue disc was mounted in epoxy resin. 
mark on the 










• A vacuum chamber was used to impregnate the coke analogue with resin. The 
chamber was evacuated for 1 minute and then after 10 minutes the sample 
removed.   




Table 3-6:  The coke analogue grinding and polishing schedule. 




1 P500*  Silicon 
carbide paper 
Grinding 20 Distilled water or  glycol 
resin# 
1.5 
2 P1200  Silicon 
carbide paper 
Grinding 20 Distilled water or glycol 
resin# 
0.5 
3 9µm MD-Largo Polishing 20 Struers DP-Lubricant 
green suspension 
4 
4 3µm MD-Dac Polishing 20 Struers DP-Lubricant 
green suspension 
3 
5 1µm MD-Dur Polishing 15 Struers DP-Lubricant 
green suspension 
3 
6 0.25µm MD-Dur Polishing 10 Struers DP-Lubricant 
green suspension 
4 
*Continue until the resin and marks from the cutting are no longer visible on the sample surface. 
# Distilled water for samples prepared for optical porosity measurement but glycol resin for samples 
prepared for Raman spectroscopy, optical microscopy and SEM–EDS measurements.   
 
 
3.2.2. Optical microscopy technique 
Non-polarised and polarised optical microscopies were used to characterise both the 
coke analogues structure and identify metallic iron and minerals in the coke analogues. 
The surfaces of samples characterised with these techniques were prepared using the 
general sample preparation approach described in section 3.2.1.  
 
Non-polarised microscopy  
A Leica DM/RM optical microscope equipped with a Leica DFC295 digital camera (see 
schematic given in Figure 3-11) was used to take non-polarised optical micrographs of 










Figure 3-11: A schematic of Leica DM/RM optical microscope [241].  
 
Unreacted coke analogues  
To ensure representative characterisation of the coke analogues microstructure, 20 
micrographs were taken from the surface of all the polished samples. The approximate 
positions where the micrographs were taken is given in Figure 3-12. The micrographs 





Figure 3-12: A schematic of the positions where the micrographs were taken on the 
sample horizontal cross section. The boxes numbered 1–20 represent the approximate 
positions of the micrographs. 
 
 
Reacted coke analogues  
The horizontal and vertical cross sectional approaches were adopted to assess the 
reacted coke analogues. The micrographs were acquired at 50x magnification to ensure 
wider coverage. Micrographs of the unreacted samples were also taken at 50x 
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11 ø18 mm 
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• An horizontal cross sectional approach 
A schematic of the approximate positions where the micrographs were taken was given 
in Figure 3-12. 
 
• A vertical cross sectional approach 








Figure 3-13: A schematic of the positions where the micrographs were taken on the 
sample vertical cross section. The boxes numbered 1–32 represent the approximate 
positions of the micrographs. 
 
 
Polarised microscopy  
A Leitz orthoplan microscope (see schematic given in Figure 3-14) was used to take 
polarised optical micrographs of the coke analogues in unreacted and reacted 
conditions. The microscope was set up in accordance with the ASTM D5061-07 
‘standard test method for microscopical determination of the textural components of 
metallurgical coke’* [242]. 
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Figure 3-14: A schematic of Leitz orthoplan microscope [243].  
 
Unreacted coke analogues  
The polarised optical micrographs were taken from random positions on the unreacted 
base coke analogue to characterise its carbon microstructure. The micrographs were 
taken using an oil immersion objective lens.  
 
Reacted coke analogues  
The polarised optical micrographs were also taken from the external surface of the coke 
analogues (base, metallic iron 46µm, magnetite 46µm and quartz) reacted in CO2 at 
1100°C for 20 minutes to characterise their microstructure. The micrographs were taken 
with air objective lens.  
 
Key outputs of the optical (polarised and non-polarised) microscopy 
• A representative characteristic feature of the coke analogues microstructure, 
• Identification and distribution of the metallic iron and mineral in the coke 
analogues, and  














3.2.3.  SEM-EDS analysis    
Three different SEM-EDS systems were utilized in this study to meet specific analysis 
requirements for the coke analogues in unreacted and reacted conditions. The details of 
the SEM-EDS systems used in this work and the coke analogues they were used to 
analyze are given in Table 3-7.  
 
Table 3-7:  The details of the SEM-EDS systems used in this work and the coke 
analogues they were used to analyse.  
SEM 
instrument 






from Oxford Instruments 
See Table 3-5 In accordance with the 
approach described in 




INCA system energy 
dispersive analysis 
(standardless software) 
from Oxford Instruments 
The external surface of 
coke analogue–Fe 46µm 
reacted in CO2 at 1100°C 
for 20 minutes 
In accordance with the 
approach described in 





Energy dispersive x-ray 
(EDS) analysis from 
JEOL  
Non-carbonaceous 
materials used to make 





The significance of the ZEISS EVO 50 SEM instrument 




 was calculated using equation 3-1 [244], 
atom%  Fe  EDS
try)stoichiome  oxide  in typical  elements  coexisting  with  associated  atom%  (O  -  atom%  O  EDS
=
Fe
*O      3-1 
 






                                                          
† Assistance from Harold Rogers is acknowledged for this measurement 
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Table 3-8:  An atomic oxygen/iron ratio 
Fe
*O







Iron ~0(<0.1) 0 
Wustite ~1.0 (typical range 0.8–1.2) 1 
Magnetite ~1.5 (typical range 1.2–1.8) 1.33 
Hematite ~2.0 (typical range (1.8–2.2) 1.5 
 
Key outputs of the SEM-EDS analysis 
• general micrographic characterisation, 
• EDS elemental maps, and 
• EDS composition of spot analyses.   
 
3.2.4.  Raman spectroscopy technique  
A Jobin Yvon (JY–HR800) Raman micro-spectrometer unit (see schematic given in 
Figure 3-15) was used to characterise the carbon bonding of the coke analogues. The 
main components of the instrument are detailed in the figure. The specific samples 
analysed are given in Table 3-5. The surfaces of samples characterised with this 
technique were prepared using the general sample preparation approach described in 






Figure 3-15: A schematic of the Raman instrument [245].  
 
The Raman microscope enables convenient image characterisation of the sample 
surface and acquisition of Raman spectra from the same area. Prior to carbon bonding 
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measurements, the instrument was calibrated with a standardised silicon sample. The 
Raman calibration settings are listed in Table 3-9. 
 
Table 3-9:  A list of Raman calibration settings used in this work 
Raman parameters Calibration settings 





Spectrometer 1154.82 cm-1 
Objective lens 100x 
Exposure time 2 seconds 
Extended scan exposure time 2 seconds 
Accumulation number 5 
Peak position 520±0.8 cm-1 
 
A LabSpec 6 application package, version 5.45.09 [246] was used to take spectra from 
the samples. The spectra were acquired over an acquisition range of 500–3500cm-1. The 
software also generated quantitative information such as the Raman band positions and 
the intensities of the bands. A typical spectrum showing the band positions and the 






Figure 3-16: A schematic of a typical Raman spectrum for the coke analogue, showing 























The quantitative information derived from Figure 3-16 and used in this study were the, 
• D, G, V and 2D band positions, and  
• ratio of the intensities (I) of the bands [I(D)/I(G) and  I(V)/I(G)]. 
The Raman bands are related to carbon bonding and the relationship is given in Table 3-
10. 
 
Table 3-10:  The relationship between Raman band positions and carbon bonding. 
Band name Band Position (cm-1) Bond type References 
D ~1335 sp2 [18, 116, 126, 129, 136, 138] 
V ~1480 sp2, sp3 [18, 116, 129, 131] 
G ~1590 sp2 [18, 116, 123, 136, 138] 
2D ~2680 sp2 [116, 136] 
 
 
Coke analogue carbon bonding measurement 
The bulk and localised Raman measurements around metallic iron and mineral 
approaches were adopted to measure the carbon bonding of the coke analogues. The 
measurements were taken from the areas that are typical of the coke analogues. The 
typical areas were identified using the approach described in section 3.2.2 for the 
unreacted coke analogues.  
 
Bulk measurement approach 
For the bulk Raman measurement, approximately 150 spectra were taken from the 
surface of each coke analogue. The positioning of the laser was carried out manually on 
the coke analogue with the aid of the in-built microscope. Areas of mounting resin, 
voids and metallic iron and minerals were avoided in the measurement. The 
measurement was taken at a distance that was >5µm from the metallic iron and minerals 
in the coke analogue. This approach was also used on the individual carbonaceous 
materials used to make the coke analogue (see Table 3-1) and on the metallurgical coke. 
The plot of the I(D)/I(G) versus I(V)/I(G) was used to resolve the carbon bonding from the 
bulk measurement as discussed in section 2.2.2 (literature review chapter). 
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Localised measurement around metallic iron/mineral particle approach  
This approach was applied to the coke analogues containing metallic iron and minerals. 
The measurement was carried out in the vicinity of the metallic iron and mineral 
particles (see schematic given in Figure 3-17), but at a distance that was >0.5µm from 
the particles. This minimised the possibility of compromising the carbon bonding 
measurement with the metallic iron and minerals. The point and radial measurements 







Figure 3-17: A schematic showing positions of localized measurements around metallic 
iron/mineral in the coke analogue. The positions were labelled clockwise and 
alphabetically. 
 
• Point measurement 
In the point measurement around the metallic iron and minerals, approximately 10 
positions were measured in each coke analogue. The measurement was taken at a 
distance of 0.5µm and 4µm from the metallic iron or mineral–coke analogue interface. 
The plot of the I(V)/I(G) versus Raman position was used to resolve the carbon bonding 
from the point measurement because it indicated progression or changes in sp2–sp3 
carbon bonding. The plot of I(D)/I(G) versus Raman position was not effective to resolve 
the carbon bonding from the point measurement due to its low sensitivity to changes in 
carbon bonding. A typical example of I(D)/I(G) versus Raman position, and I(V)/I(G)  
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Figure 3-18: (a) A plot of I(D)/I(G) versus Raman position around Fe particle, (b) a plot 
of I(V)/I(G) versus Raman position around iron particle and (c) non-polarised optical 
micrograph showing position of localised Raman measurements in coke analogue–Fe 
46µm.   
 
 
• Radial measurement 
The radial measurement around the Fe and mineral particles was taken at 0.25µm 
intervals, starting at 0.5µm from the interface and ending at 4µm from the interface. The 
plot of the I(V)/I(G) versus distance from Fe or mineral–coke analogue interface was used 
to resolve the carbon bonding from the radial measurement. Figure 3-19 shows a typical 
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Figure 3-19: The plot of I(V)/I(G) versus distance from the Fe–coke analogue interface 
at position B of the optical image given in Figure 3-18(a).  
 
Key outputs of the Raman measurement  
• The Raman spectra of the coke analogues, carbonaceous materials used to make 
the coke analogue and metallurgical coke, and  
• The data relating to sp2 and sp3 carbon bonding of the coke analogues, 
carbonaceous materials used to make the coke analogue and metallurgical coke.  
 
 
3.2.5.  Optical microscopy combined with image analysis   
A Leica DM/RM optical microscope equipped with a Leica DFC295 digital camera (see 
schematic given in Figure 3-11) was used to take the micrographs used to measure the 
optical porosity of the coke analogues. The specific samples are given in Table 3-5. The 
micrographs were taken using a high intensity green filtered light by selecting only the 
green channel on the filter magazine (see Figure 3-11) of the Leica microscope. The 
surface of the coke analogues was prepared for optical porosity using the approach 
described in section 3.2.1. The only modification to section 3.2.1 was the number of 


























Figure 3-20: A schematic of the set up used to establish the sample sectioning 
positions, showing (a) vertical positions prepared for measurement (b) radial positions 
where the micrographs were obtained, and (c) showing areas AA and AC.  
 
Using three base coke analogue samples, the porosity at positions ‘2’ to ‘5’ were similar 
and have been assumed to be the same, while in some cases position ‘1’ is larger. The 
optical porosity was calculated as follows,  
 
2254.5mm=2r = 20(c))-3 (Figure SA surface, analogue coke  theof Area π    3-2 
216.0mm=2L = 20(c))-3 (Figure CA centre, analogue coke  theof Area     3-3 
2238.6mm=2L - 2r = 20(c))-3 Figure of area (shaded AA annulus, analogue coke  theof Area π  3-4 
 
where r, radius of the coke analogue is 9 mm, and L, length of the micrograph/position 
where the micrographs were taken, is 4 mm. r and L were constants for all coke 
analogues.   
 











=OPP        3-5 
 
a0.937P+1P 0.063=OPP         3-6 
where P1, is the porosity value at the coke analogue centre, position ‘1’. Pa, is the 
porosity value at the coke analogue annulus.  Pa could be any of positions ‘2’ to ‘5’.  






















To obtain a micrograph of 4 mm x 4 mm, a total of 12 micrographs were taken at 50x 
magnification, stitched together and cropped. The micrograph was then processed using 
ImageJ application package version 1.48 [247] (see Table 3-11 for settings). The 
ImageJ software was then used to measure percentage porosity, excluding pores with an 
equivalent diameter <10μm (considered unreliable at the magnification used) and pores 
with an equivalent diameter >500μm (considered to be fissures rather than porosity). An 
example of optical micrograph used for optical porosity measurement set up is given in 
Figure 3-21. 
 
Table 3-11:  A list of ImageJ settings used for optical porosity measurements.  
Parameter Settings 
Threshold color Hue (0, 255) 
Saturation (0, 255) 
Brightness (0, 123) 
Thresholding method Default 
Threshold color Red 















Figure 3-21: An example of optical micrograph of the base coke analogue used for 
optical porosity measurement set up, (a) without filter, (b) with green filter and (c) 










The error associated with the optical porosity of the coke analogue has been determined 
by using three base coke analogue samples from two different batches. The optical 
porosity of the three base coke analogue samples was 29.3%, and the variance 
associated with the optical porosity is ±2.3%. There was no significant variation in 
porosity along the length of the coke analogue, though values measured for area 1, the 
center of the analogue (see Figure 3-20(b)) tended to be marginally greater than areas 2 
to 5 near the wall. The optical pore size distribution of the three base coke analogue 
samples is given in Figure 3-22.  
 
Figure 3-22: The average optical pore size distribution in the vertical and radial 
sections of the three base coke analogues compared to the average of the bulk data. (1) 
and (2) from the same batch and (3) from a different batch. 
 
After establishing the error associated with this method, surface at ~10mm depth or 
level ‘2’ of Figure 3-20(a) was prepared for optical porosity for the rest of the coke 
analogues produced in this study. The statement of error and uncertainty that comes 
from a more extensive investigation is detailed in the results and discussion chapters.  
 
Correction for minerals in the coke analogue optical porosity 
To correct for minerals that were identified as pores in the optical micrographs, 
backscattered electron micrographs of the same position were taken (see Figure 3-23).  
In this study, only quartz particles showed this effect. The phase expert tool of Leica 


















Pore diameter range (µm)






in the backscattered micrograph of the coke analogue. The area% of the quartz was 







Figure 3-23: An example of set up used to correct for quartz in the optical porosity of 
the coke analogue–quartz, (a) SEM backscattered micrograph and (b) optical 
micrograph taken with green filter.   
 
Reacted coke analogues 
The optical porosity of base coke analogue and coke analogue–metallic iron 46µm 
reacted in CO2 at 950°C for 1 hour were also measured in this study.  
 
Metallurgical coke optical porosity  
The optical porosity of the metallurgical coke used in this study was also measured 
using the approach similar to the coke analogue. The three samples were prepared from 
two batches of the same metallurgical coke. The sample positioning (vertical and radial) 
on the metallurgical coke was arbitrary.    
 
Key output of the optical porosity measurement 
The key output of the optical porosity was the evaluation of pores with equivalent 









3.2.6.   Mercury porosimetry  
A Micrometrics Autopore 9600 Mercury Porosimeter was used to further characterise 
the porosity of three base coke analogues from two batches and a coke analogue–
magnetite 46µm. Coke analogue–magnetite 46µm was measure to specifically check 
whether the reduction of magnetite (Fe3O4) to iron (Fe) during the coke analogue firing 
have any effect on porosity. The measurement was carried out external to the University 
by Particle and Surface Science Pty Limited, Gosford, New South Wales, Australia. The 
measurement procedure complied with the Standard ISO 15901-1 ‘pore size distribution 
and porosity of solid materials by mercury porosimetry and gas adsorption’ [248].   
 
Key output of the mercury porosimetry  
The primary output from this measurement was the evaluation of pores with equivalent 
diameter range <10µm (not measured with the optical method).   
 
 
3.2.7.  Neutron radiography (Dingo)   
Neutron radiography (Dingo) instrument located at Australian Centre for Neutron 
Scattering, Australian Nuclear Science and Technology Organization (ANSTO) was 
used to characterise the coke analogue structure. The specific samples are given in 
Table 3-5. The samples were characterised in their unreacted and reacted conditions. A 
high resolution neutron beam set up (see schematic given in Figure 3-24) was used to 
take radiographs of the samples. The main components of the instrument are detailed in 
the figure. The radiographs were taken from the samples using the settings given in 
Table 3-12. The sequence at which the radiographs of each sample were taken is given 


















Figure 3-24: A schematic of the high-resolution neutron beam arrangement used to take 




Table 3-12:  A list of neutron radiography (Dingo) instrument settings used to take 
radiographs of the coke analogues.   
Parameters Settings 
Acquisition step 0.18° 
Acquisition exposure time 50 seconds 
Number of steps 1000 
Acquisition range 0–180° 
Instrument resolution ~26.8µm 
Instrument flux 5.3 x 107  n/cm2s 





Table 3-13: A list of the sequence at which radiographs of the coke analogues were 
taken.  
Sequences Activities 
1 Neutron radiography (Dingo) of the unreacted coke analogues   
2 1st stage reaction  
(the samples were reacted in CO2 at 1100°C for 10 minutes) 
3 Neutron radiography (Dingo) of the 1st stage reacted coke analogues 
4 2nd stage reaction  
(the samples were further reacted in CO2 at 1100°C for 10 minutes) 
5 Neutron radiography (Dingo)of the 2nd stage reacted coke analogues  
 
The Octopus reconstruction package version 8.8.2 [250] was used to produce 3D 
images of the coke analogue from 2D sections. The image resolution was ~26.8µm. 
After reconstruction, the VGStudio MAX application package [251] was used to render 
images of different slice thicknesses of the coke analogue. An example of the images of 
 



















the base coke analogue is given in Figure 3-25. The image models were created using 
the volume rendering tool of the VGStudio MAX package. The settings used are given 








Figure 3-25: An example of the image of the base coke analogue, (a) a single image of 
~26.8µm thickness and (b) the whole image of ~30 mm height.  
 
 
Table 3-14:  A list of volume rendering tool settings used to create the image models. 
  Parameters Settings 
Opacity manipulation region  42200  
Appearance  (Intensity)  20 
Rendering settings Isosurface renderer 
Oversampling  1.0 
 
Dingo porosity 
The VGStudio MAX application package [251] was used to measure the volume% of 
pores in the coke analogue.   









=           3-7 







The schematic of the position measured for Dingo porosity is given in Figure 3-26. The 








Figure 3-26: A schematic of an area of the coke analogue measured for Dingo porosity.  
 
 
Table 3-15:  A list of numbers of images combined to form varying images of 
different slice thicknesses 
Numbers of 
image(s) 
1 2 4 8 16 25 50 100 200 400 
Slice thickness 
(mm) 
0.03 0.05 0.10 0.21 0.43 0.67 1.34 2.68 5.36 10.72 
Note, for Dingo porosities, pores with equivalent diameter >500µm were considered 
and included in the porosity data to evaluate interconnected pores. This was based on 
the pore distribution data obtained in this measurement. For a single slice (~0.03 mm 
thickness) there was no pore >500µm diameter but as the slice thickness increases the 
pore becomes interconnected.      
 
100% x porosity total
500µm>diameter  equivalent with pores ofporosity =connected pores of %   3-8 
 
The neutron radiography (Dingo) was also used to measure the Dingo porosity of the 
metallurgical coke used in this study. 
 
Key outputs of the Dingo porosity measurement  
• The porosity values for different slice thicknesses of the analogues, and  








3.2.8.  X-Ray diffraction (XRD) 
A GBC MMA XRD unit was used to characterise the phases of non-carbonaceous 
materials used to make the coke analogue and their stability in the coke analogue 
system. The coke analogue materials were detailed in Table 3-5. The XRD analysis was 
carried out with Copper Kα radiation (wavelength λ = 1.54Å). The XRD patterns were 
recorded using a Visual XRD software ViX122D [231] over 2θ diffraction angle range 
20–70°. The patterns are given in Appendix II. The generated patterns were 
subsequently processed using Trace X-ray processing software V6 combined with the 
international centre for diffraction data (ICDD) database system [231, 232].  
 
3.2.9.   Thermodynamic analysis of the coke analogue systems 
The MTDATA thermodynamic software, version 5.10, is a commercial multiphase 
equilibria thermodynamic software developed at National Physical Laboratory U.K. 
with ISO 9001 registration [99]. It was used for thermodynamic assessment of the coke 
analogue system. The databases used in the thermodynamic assessments were 
SUB_SGTE, SGSOL, NPLOXF, and NPLOX_5NI. Both NPLOXF and NPLOX_5NI 
are custom databases developed for the University of Wollongong.  
 
3.2.10.  LECO carbon and sulphur analysis  
A LECO CS444LS analyser was used to measure the mass% of carbon in the LCAK 
steel removed from the coke analogue system. The LECO combustion analysis for 
carbon and sulphur content in iron is an established technique [252]. The LECO 
CS444LS used the HF400 induction furnace and measured carbon and sulphur content 
by infrared absorption.  
 
The analysis of the iron samples was conducted in accordance with the ASTM E1019 
‘standard test methods for determination of carbon, sulphur, nitrogen and oxygen in 
iron, nickel and cobalt alloys’ [242] and the relevant LECO application notes [253]. A 
minimum of two calibrations, using known standards, were used to maintain the 
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accuracy of the LECO CS444LS instrument. The standards (given in Table 3-16) were 
chosen such that they spanned the range of carbon expected and measured in this study. 
The plot of carbon content (mass %) for the measured values versus the certified values 
for standards used are given in Figure 3-27. 
 
Table 3-16:  A list of the standards used to calibrate the LECO CS444LS instrument. 
Materials Description Source Certified 
carbon (mass 
%) 
Blank - LECO - 
Standard sample 
0.058  
Iron rod Midwest Instrument 
Co. US 
0.058 












Iron rod LECO 0.934 
Standard sample 82a Cast iron 
Nickel-chromium 







































3.2.11.  Particle size analysis for materials used to make the coke analogues 
The particle sizes of materials used to make the coke analogues were screened into the 
required size range using sieves. In most cases, the aggregates were ground to suitable 
particle sizes in a Labtechnics pneumatic ring grinder. The resulting powder was shaken 
over nested sieves (see Table 3-17 for size apertures used). The sieves were shaken on a 
mechanical EFL2000 Endacott Sieve Shaker for approximately 10 minutes. The 
individual mass retained on each sieve and pan was recorded.   
 




size range (µm) 
Material 
106, 250 100–250  Bakelite 
38, 53, 75, 90  38–53 
75–90   





3.3. Reaction of the coke analogue in CO2 gas using a large sample 
thermogravimetric analyser (TGA) 
 
The kinetics of the reaction between the coke analogues and CO2 were studied using a 
large sample TGA. The TGA testing was carried out under conditions similar to the 
commonly used NSC reactivity test indices (CSR and CRI) [220]. See section 2.3.1 
(literature review chapter) for more detail of this test.  
 
The TGA system was used to track the weight change of the coke analogue with time 
and temperature in a CO2 gas atmosphere. A schematic of the TGA experimental 
apparatus is given in Figure 3-28 and the alumina pedestal for holding the coke 
analogue is given in Figure 3-29. The gases (Ar and CO2) used were high purity 
(99.99%) and cleaned by passing through calcium sulphate (drierite) and sodium 
hydroxide–coated silica (ascarite) prior to entering the furnace. The Ar was further 
cleaned by passing it through copper turnings at 300°C (see Figure 3-4). 
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Figure 3-28: A schematic diagram of the TGA system used for the coke analogue 









Figure 3-29: A schematic diagram of the alumina pedestal used in the coke analogue 
reactivity experiments.   
 
3.3.1.  Coke analogue reactivity experiment 
In the reactivity test, ~8g of the coke analogue, approximately 18mm diameter and 
30mm height, was weighed and then placed on an alumina pedestal (Figure 3.29) 
suspended from a balance in the TGA system using a platinum wire. The experimental 
temperatures examined in this study were in the range of 900°C to 1350°C. A schematic 
showing key experimental conditions is given in Figure 3-30, and the summary of the 
temperature conditions the coke analogues were reacted for is given in Table 3-18.  
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Figure 3-30: A schematic of the gases, gas flow rates and heating/cooling rates used in 
the coke analogue reactivity experiments. 
 
Table 3-18: A summary of the coke analogues reacted in CO2 and the temperature 
range of the reaction. 
Coke analogues  Temperature range (°C) 
Base 900–1350  
Metallic iron 5µm 900–1025 and 1100 
Metallic iron 46µm 900–1350 
Metallic iron 46µm (I) 950 and 1100 
Metallic iron 83µm 900–1025 and 1100 
LCAK 950 and 1025 
Magnetite 46µm 900–1350 
Magnetite 46µm (I) 950 and 1100 
Enstatite ferroan 900–1350 
Phlogopite ferroan  900–1350 
Quartz 900–1350 
 
The physical appearances and features of the coke analogues after the reactivity 
experiments were observed and detailed in the result section.  
 
A typical weight change versus time curve for three base coke analogue samples reacted 
in CO2 at 1100°C is given in Figure 3-31. 1100°C is the temperature used in the 
industrial CRI test and represents an intermediate temperature used in this experimental 
study. The three samples were used to test for the repeatability of the coke analogue in 
CO2. The difference between the average FWC and the FWC of Base 2 (the experiment 
with the highest variation) is only 0.005. This difference is negligible and demonstrates 












Time (minutes)  
Reaction under CO2 at 4.5L/min flow rate for 2hrs 
10°C/min, under Ar 
at 1L/min flow rate 
10°C/min, under Ar 








Figure 3-31:  A typical weight change versus time plot of three base coke analogue 
samples at 1100°C for 2 hours. (1) and (2) from the same batch and (3) from a different 
batch.   
 
A fractional weight change, FWC, of the coke analogue is calculated from the data 
using equation 2-36 and reproduced in the following text.     
0W
0 W-W =FWC            
 
A reaction rate, RC, was calculated using equation 2-21 (reproduced in the following 
text). The initial linear part of the weight change versus time curve (generally the first 





=RC           
 
where X is the fractional conversion of the coke analogue and is defined in equation 3-9 





W-0W=X        3-9 
 
The reaction rate, RC, was evaluated as a function of temperature using the Arrhenius 




















=             
equation 3-10, a linear form of equation 2-24, was used to evaluate the reaction 
mechanism of the coke analogue,  














−=         3-10 
The TGA system was also used to study the kinetics of the reaction of metallurgical 
coke used in this study.  
 
3.3.2.  Calculation of error associated with coke analogue reaction rate 
measurements 
The reaction rate measurement involves some variables independent of the 
measurement. The measurement was accompanied with uncertainties independent of 
each other. These uncertainties were confirmed using the propagation of error formula 
[253]. For example, if a quantity, F, is a function of variable u and v, 
v)f(u,=F           3-11 
The total derivation of F is derived from the partial derivative of F with respect to each 
of the variables and is given in equation 3-12. 
F Fdu+ dv
u vv u
dF= ∂ ∂      ∂ ∂           3-12 
squaring both sides of equation 3-12 gives, 
( ) ( ) ( ) ( ) ( )
2 2F F F F2 2 2dF = du + dv +2 du dv
u v du dv
∂ ∂ ∂ ∂       
       ∂ ∂            3-13 
the value of the last term on the right-hand side in equation 3-13 is insignificant and the 
equation can be reduced to equation 3-14, 
( ) ( ) ( )
2 2F F2 2 2dF = du + dv
u v
∂ ∂   
   ∂ ∂          3-14 
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the equation 3-14 can be considered as the square of the standard deviation and is given 
in equation 3-15, 
( ) ( ) ( )
2 2F F2 2 2σF = σu + σv
u v
∂ ∂   
   ∂ ∂          3-15 
the standard deviation of F is given as [254], 
( ) ( )
1
2 2 2
2 2F FσF= σu + σv
u v
 ∂ ∂   
    ∂ ∂     
      3-16 
where σu and σv are the standard deviation of u and v measurements respectively.  
The application of equation 3-16 can be used to derive the errors associated with the RC, 
X and ln(RC) measurements, 
from equation 2-21 RC is a function of variables dX, dt and X, 
X) dt, f(dX,=RC          3-17 
by applying equation 3-17, the error of RC can be estimated using equation 3-18, 
C
1
2 2 2 2
2
C 2 2 2





             3-18 
from equation 3-9, X is a function of ∆W and W0 
( )0  WΔW,f=X          3-19 










   
       3-20 
where σW0 was obtained from the TGA scale that has a quantifiable uncertainty 
associated with the balance and buoyancy effect, σdt was the resolution of the reading, 
σdX was the error of conversion change and σX was the error of conversion. The values 
of σW0 and σdt were ±0.001g and ±1second respectively. The σdX and σX were 
obtained from the FWC curves.  
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σRRσln          3-21 
The error associated with ln(RC) measurement was ±0.06, while the ln(RC) typically 
was between -8 and -13. 
 
3.3.3.  Determination of CO2 flowrate independent reactivities  
The coke analogue reactivity experiment was performed with a CO2 flow rate that 
eliminated gas boundary layer control kinetics, thereby being independent of flow rate. 
The CO2 independent flow rate was determined through series of coke analogue 
reactivity experiments using different CO2 flow rates (stepwise from 1 to 5L/min) at 
1350°C (the maximum temperature in the current experimental series). The reaction 
rate, RC, at each flow rate was calculated using equation 2-19. A plot of RC against 
CO2 flow rate is given in Figure 3-32. The figure shows that at CO2 flow rates 
>4L/min the RC is independent of the gas flow. Based on these data a CO2 flow rate of 
4.5L/min was used for the reactivity experiments. 
 





















3.3.4.  Temperature calibration of the TGA furnace  
Prior to the reactivity test, the TGA furnace was calibrated with respect to temperature. 
The thermal profile for the TGA furnace was established to determine the position and 
length of the stable hot zone. A type R thermocouple was used to measure the TGA 
furnace thermal profile and temperature response. The TGA furnace thermal profile 
and temperature response are given in Figures 3-33 and 3-34 respectively. The TGA 
furnace was calibrated by adopting the approach used to calibrate the coke analogue 
production furnace (see section 3.1.2). 
   
 
      
 
Figure 3-33: The thermal profile of the TGA furnace used in the coke analogue 
reactivity experiments. The furnace set point was 1000°C. 
 
Figure 3-34: A temperature calibration plot for the TGA furnace. The straight line is a 
linear fit of the data.     
 
Key outputs of the reactivity experiments 
• weight change versus time curves,   
• reaction rate, RC, and 
• physical appearance of the reacted coke analogues. 
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Hot zone  
(~740 mm, ±5°C) 
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3.4.  Metallurgical coke 
The metallurgical coke used in this study was obtained from BlueScope Australia. The 
coke contains 0.40–0.45 mass % of sulphur and 11.60–11.80 mass % of mineral matter. 
A detailed chemical composition of the mineral matter as measured by XRF after 
ashing of the coke at 815°C is given in Table 3-19. 
 
Table 3-19:  The chemical composition of the mineral matter in the metallurgical 
coke [24]. 
Mineral Matter SiO2 Al2O3 Fe2O3 CaO P2O5 
Mass (%) 54.80 32.30 4.90 2.90 1.42 
Mineral Matter MgO K2O TiO2 Na2O Mn3O4 
Mass (%) 1.00 0.51 1.40 0.38 0.05 
 
 
The metallurgical coke mineral matter was quantified by SIROQUANT method [254]. 
It was found to contain 52.1% crystalline phases and 47.9% amorphous material. A full 
analysis is given in Table 3-22. The amorphous material was predominantly a mixture 
of silica and alumina.  
 
Table 3-20:  A list of crystalline phases present in the metallurgical coke mineral 
matter [24]. 
Mineral species observed Mass
% 
Mineral species observed Mass
% 
Anatase TiO2 0.1 Jarosite (K,H3O)Fe3(SO4)2(OH)6 0.3 
Anorthite (Ca,Na)(Si,Al)4O8 0.2 Maghemite γ-Fe2O3 0.4 
Bassanite CaSO4x0.5H2O 0.8 Magnetite Fe3O4 0.6 
Calcite CaCO3 0.3 Martensite C0.055Fe1.945 0.1 
Cristobalite SiO2 3.6 Mullite Al6Si2O13 29.7 
Fluorapatite Ca5(PO4)3F 1.8 Pyrrhotite FeS 0.2 
Gehlenite Ca2Al2SiO7 0.1 Quartz SiO2 13.5 
Iron Fe 0.4 - - - 
Total mineral matter (mass%) = 11.8 
Amorphous (mass%) = 47.9 
 
The rank of the BlueScope coke as given by mean reflectance, Ro is 1.13. The industrial 
CRI value of the coke is 19.4% [11]. 
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4.  Results 
The results of the characterisation and experimental work carried out in this study have 
been presented in separate sections as detailed below.  
 
4.1  Optical and electro-optical microscopy and associated EDS analysis, 
4.2  Raman spectroscopy, 
4.3  Porosity,  
4.4 Thermodynamic analysis for metallic iron and mineral stability in the 
coke analogue using MTDATA, a multiphase thermodynamic software 
package, and 
4.5  Coke analogue reactivity in CO2.  
 
This chapter is primarily focused on the coke analogue but where applicable the results 
of the metallurgical coke are also presented. 
 
4.1.   Optical and electro-optical microscopy and associated EDS analysis 
4.1.1.  Non-polarised optical and electro-optical microscopy and associated 
EDS analysis of the fired coke analogues and a metallurgical coke  
The non-polarised optical and electro-optical microscopy and associated EDS analysis 
were carried out to assess the microstructure of the fired coke analogues and a 
metallurgical coke. Due to the large number of the micrographs of the samples, a 
summary that is representative of the results is given in Table 4-1. A complete set of 
micrographs is given in Appendix III. Figures 4-1 to 4-8 show typical non-polarised 
optical micrographs that represent the characteristic features of the microstructure of the 
coke analogues. SEM backscattered micrographs and EDS elemental maps associated 
with the typical non-polarised optical micrographs are also presented in Figures 4-1 to 
4-8. The positions marked ‘+’ with a number on the SEM backscattered micrographs 
indicate positions of the EDS spot analyses. The composition of the EDS spot analyses 
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is given in the table placed beside the micrographs. An area marked with a rectangle on 
the SEM backscattered micrographs is an indication of the area where a magnified 
section was acquired (to resolve the metallic iron and mineral particles better).  
 
The non-polarised optical and electro-optical micrographs and associated EDS analysis 
of a metallurgical coke used in this work are given in Figure 4-9. The full sets of the 
micrographs are also given in Appendix III.  
 
 
Table 4-1: A summary of the non-polarised and electro-optical microscopy and 
associated EDS analysis results.   
Samples The non-polarised and electro-optical microscopy and associated 




Figures 4-1 and III-1 show the microstructure of the fired base coke 
analogue. It is made up of carbon, pores and a small amount of oxide.   
• The graphite grains appeared to be of similar size to the graphite 
powders (<45µm and <150µm particle size range) used to make 
the coke analogue,  
• The carbonised phenolic resin appeared to have a less obvious or 
little grain structure and was associated with smaller sized pores. 
If there is a grain structure, it is likely to be <1µm in size and not 
resolved in the microscopy approaches used in this study, and 
• Small amounts of alumina-silica-calcia oxide are present, 





Figures 4-2 and III-2 show the microstructure of the fired coke 
analogue–metallic iron 5µm. It is made up of carbon, metallic iron and 
pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The metallic iron (Fe) particles have size similar to the initial 
particle size (<10µm) used to make the coke analogue, and 
• It is difficult to assess whether the metallic iron (Fe) particle 
have a morphology similar to that of the initial particles before 
addition (see Figure 3-1(a)), or whether the morphology of the 
particles had changed. This was due to the small size (<10µm) 
which was difficult to resolve in the microscopy approaches used 








Table 4-1 (continued): A summary of the non-polarised and electro-optical 
microscopy and associated EDS analysis results.   
Samples The non-polarised and electro-optical microscopy and associated 






Figures 4-3 and III-3 show the microstructure of the fired coke analogue–
metallic iron 46µm. It is made up of carbon, metallic iron and pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The metallic iron (Fe) particles have size similar to the initial 
particle size (38–53µm) used to make the coke analogue, 
• The metallic iron (Fe) particles are more rounded than the original 
particle addition (see Figure 3-1(b), indicating it may have gone 
through a liquid Fe phase during the coke analogue firing, and 






Figures 4-4 and III-4 show the microstructure of the fired coke analogue–
metallic iron 83µm. It is made up of carbon, metallic iron and pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The metallic iron (Fe) particles have size similar to the initial 
particle size (75–90µm) used to make the coke analogue, 
• The metallic iron (Fe) particles are more rounded than the original 
particle addition (see Figure 3-1(c), indicating it may have gone 
through a liquid Fe phase during the coke analogue firing, and 






Figures 4-5 and III-5 show the microstructure of the fired coke analogue–
magnetite 46µm. It is made up of carbon, iron and pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The initial magnetite (Fe3O4) particles has been reduced to iron 
(Fe) particles, 
• It appeared that the iron (Fe) particles have size similar to the 
initial particle size (38–53µm) used to make the coke analogue. If 
there is a change in particle size, it is likely to be at a scale that is 
difficult to assess in the microscopy approaches used in this study, 
• The iron (Fe) particles are more rounded relative to the initial 
angular morphology (see Figure 3-1(d)), indicating it may have 
gone through a liquid Fe phase during the coke analogue firing, 
and 






Table 4-1 (continued): A summary of the non-polarised and electro-optical 
microscopy and associated EDS analysis results.   
Samples The non-polarised and electro-optical microscopy and associated EDS 





Figures 4-6 and III-6 show the microstructure of the fired coke analogue–
enstatite ferroan. It is made up of carbon, enstatite ferroan and pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The enstatite ferroan (Mg1.56Fe0.44Si2O6) particles have size similar 
to the initial particle size (38–53µm) used to make the coke 
analogue, and  
• The enstatite ferroan (Mg1.56Fe0.44Si2O6) particles have angular 
morphology similar to that of the initial angular morphology (see 





Figures 4-7 and III-7 show the microstructure of the fired coke analogue–
phlogopite ferroan. It is made up of carbon, phlogopite ferroan and pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] particles 
have size similar to the initial particle size (38–53µm) used to 
make the coke analogue, and  
• The phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]  
particles have angular morphology similar to that of the initial 





Figures 4-8 and III-8 show the microstructure of the fired coke analogue–
quartz. It is made up of carbon, quartz and pores.   
• The carbon microstructure of graphite grains and carbonised 
phenolic resins are the same as or similar to that of the fired base 
coke analogue,  
• The quartz (SiO2) particles have size similar to the initial particle 
size (38–53µm) used to make the coke analogue, and  
• The quartz (SiO2) particles have angular morphology similar to 
that of the initial angular shape (see Figure 3-1(g)) used to make 
the coke analogue. 
Metallurgical 
coke 
Figures 4-9 and III-9 show the microstructure of metallurgical coke. It is 
made up of carbon (inert maceral derived components (IMDC) and 
reactive maceral derived components RMDC), minerals and pores.  
• The RMDC appeared to have a grain structure with size of 
approximately 50µm or larger,   
• The IMDC appeared to have a less obvious or little grain structure 
at the magnification used in this work and associated with 
minerals and smaller sized pores, and 
• The mineral phase has high variability in size, morphology and 

















Figure 4-1: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the base coke analogue. (a) 
optical micrograph from position 10 on Figure III-1, (b) backscattered micrograph 
optimised for carbon microstructure, (c) backscattered micrograph optimised for oxide 









Carbonised phenolic resin (less obvious or little grain 
structure at this magnification) 











Coke analogue containing metallic iron and iron containing minerals 
 
















Figure 4-2: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–metallic iron 
5µm. (a) optical micrograph from position 2 on Figure III-2, (b) backscattered 
micrograph optimised for carbon microstructure, (c) and (d) backscattered micrographs 
optimised for metallic iron microstructure and (e) the EDS elemental maps. 
EDS spot Fe Si 
1 100 trace 
 100µm  
Pore 
Graphite grain (similar to the initial <150µm particle size 
addition) 
Carbonised phenolic resin (less obvious or little grain structure 
at this magnification) 
Metallic iron particle (similar to the initial <10µm particle size 
addition) 
1 
Table 4-2: The composition of the EDS spot analysis 






Graphite grain (similar to the initial <45µm particle size) 
It is difficult to assess whether the Fe particle had morphology 
similar to that of the initial shape, or whether the morphology 
of the particle had changed.  
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Figure 4-3: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–Fe 46µm. (a) 
optical micrograph from position 8 on Figure III-3, (b) backscattered micrograph 
optimised for carbon microstructure, (c) and (d) backscattered micrographs optimised 
for Fe microstructure and (e) the EDS elemental maps. 
EDS spots Fe Si 
2 100 trace 
3 100 trace 
Pore 
Fe particle (similar to the initial 38–53µm particle size) 
more rounded than the original particle addition 
2 
3 
Table 4-3: The composition of the EDS spot analyses 








Graphite grain (similar to the initial <45µm particle size 
addition) 
Graphite grain (similar to the initial <150µm particle size 
addition) 
Carbonised phenolic resin (less obvious or little grain 
structure at this magnification) 
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Figure 4-4: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–Fe 83µm. (a) 
optical micrograph from position 7 on Figure III-4, (b) backscattered micrograph 
optimised for carbon microstructure, (c) and (d) backscattered micrographs optimised 
for metallic iron microstructure and (e) the EDS elemental maps. 
EDS spot Fe Si 
4 100 trace 
Pores 
4 
Table 4-4: The composition of the EDS spot analysis 








Carbonised phenolic resin (less obvious or little grain 
structure at this magnification) 
Graphite grain (similar to the initial <150µm particle size 
addition) 
Graphite grain (similar to the initial <45µm particle size 
addition) 
Fe particle (similar to the initial 75–90µm particle size) more 
rounded than the original particle addition 
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Figure 4-5: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–Fe3O4 46µm. 
(a) Optical micrograph from position 10 on Figure III-5, (b) backscattered micrograph 
optimised for carbon microstructure, (c) and (d) backscattered micrographs optimised 
for Fe microstructure and (e) the EDS elemental maps. 
EDS spots Fe Si 
5 100 trace 
6 100 trace 
7 100 trace 





Table 4-5: The composition of the EDS spot analyses 






Carbonised phenolic resin (less obvious or little grain structure 
at this magnification) 
Graphite grain (similar to the initial <45µm particle size 
addition) 
Graphite grain (similar to the initial <150µm particle size 
addition) 
Fe particle (appeared similar to the initial 38–53µm particle size) 























Figure 4-6: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–enstatite 
ferroan. (a) Optical micrograph from position 18 on Figure III-6, (b) backscattered 
micrograph optimised for carbon microstructure, (c) and (d) backscattered micrographs 




Al Ca Fe Mg Si Ti 
9 3.8 trace 22.7 28.4 45.1 trace 





Enstatite ferroan particle (similar to the initial 38–53µm 
particle size and initial angular morphology) 
10 
9 Table 4-6: The composition of the EDS spot analyses 






Graphite grain (similar to the initial <150µm particle size addition) 
Graphite grain (similar to the initial <45µm particle size addition) 























Figure 4-7: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–phlogopite 
ferroan. (a) Optical micrograph from position 1 on Figure III-7, (b) backscattered 
micrograph optimised for carbon microstructure, (c) and (d) backscattered micrographs 
optimised for phlogopite ferroan microstructure and (e) the EDS elemental maps. 
 
EDS spot Al Ca Fe K Mg Si 




Table 4-7: The composition of the EDS spot analysis 






Carbonised phenolic resin (less obvious or little grain structure at 
this magnification) 
Graphite grain (similar to the initial <150µm particle size addition) 
Graphite grain (similar to the initial <45µm particle size addition) 
Phlogopite ferroan particle (similar to the initial 38–53µm 
particle size and initial angular morphology) 
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Figure 4-8: A typical non-polarised optical micrograph and associated SEM 
backscattered micrographs and EDS elemental maps of the coke analogue–quartz. (a) 
Optical micrograph from position 11 on Figure III-8, (b) backscattered micrograph 
optimised for carbon microstructure, (c) and (d) backscattered micrographs optimised 
for quartz microstructure and (e) the EDS elemental maps. 
EDS spot Si O* 
12 46.7 53.3 




Table 4-8: The composition of the EDS spot analysis 






Carbonised phenolic resin (less obvious or little grain structure) 
Graphite grain (similar to the original <150µm particle size 
addition) 
Graphite grain (similar to the original <45µm particle size 
addition) 
Quartz grain (similar to the original 38–53µm particle size 
and initial angular morphology) 
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Figure 4-9: A non-polarised optical micrograph and associated SEM backscattered 
micrographs and EDS elemental maps of a metallurgical coke. (a) Optical micrograph 
from position 2 on Figure III-9, (b) backscattered micrograph optimised for carbon 
microstructure, (c) and (d) backscattered micrographs optimised for mineral 
microstructure and (e) the EDS elemental maps. 
EDS spot Al Ca Si Fe S 
13 49.7 trace 50.3 trace trace 
14 50.2 trace 49.8 trace trace 
Table 4-9: The composition of EDS spot analyses for 
positions 13 and 14 in mass%. 
Mineral particle 
Inert maceral derived component, IMDC (less obvious grain 
structure at this magnification) and presence of mineral phase 













4.1.2 Non-polarised optical microscopy of the reacted samples  
Non-polarised optical microscopy was carried out to characterise the microstructure of 
the coke analogues (base and metallic iron 46µm) after reaction in CO2 for 1 hour at 
two different temperatures of 950°C and 1025°C. The samples were reacted for only 1 
hour to ensure its initial cylindrical shape was maintained. That is, to avoid the sample 
breaking up on transferring from the furnace alumina pedestal to sample container at 
1025°C. The microstructures of the fired samples were also characterised for 
comparison. Table 4-10 gives a representative summary of the non-polarised 




















         Table 4-10: A summary of the non-polarised optical microscopy of the fired and reacted coke analogues.    
Coke 
analogues 
Non-polarised optical microscopy results 
Fired or unreacted Post reacted at 950° and 1025°C, and arrested after 1 hour. 
Base Figures III-10 and III-16 show the 
microstructure of the fired base coke 
analogue in horizontal and vertical views 
respectively. It is made up of carbon 
(carbonised phenolic resins and graphite 
grains), a small amount of oxide and pores 
(as per the detailed description given for 
the base coke analogue in Table 4-1).  
 
Figures III-11, III-12 and III-17, III-18 show the microstructure of the 
post reacted base coke analogue in horizontal and vertical views 
respectively. The microstructure is similar to the fired base coke 
analogue, but also show 
• evidence of preferential loss of carbonised phenolic resin 
compared to graphite grains (remaining only particles of the size 
similar to the particle size of the initial graphite used to make 
the coke analogue) at the external surface of the sample. It was 
difficult to resolve this closer to the interior of the sample at the 
magnification used, and   
• a weakened external surface of the sample due to the removal of 
carbon.  
Fe 46µm Figures III-13 and III-19 show the 
microstructure of the fired coke analogue–
Fe 46µm in horizontal and vertical views 
respectively. It is made up of carbon 
(carbonised phenolic resins and graphite 
grains), metallic iron particles and pores 
(as per the detailed description given for 
the coke analogue–Fe 46µm in Table 4-1). 
Figures III-14, III-15 and III-20, III-21 show the microstructure of the 
post reacted coke analogue–Fe 46µm in horizontal and vertical views 
respectively. The microstructure is similar to the fired coke analogue–
Fe 46µm, but also show  
• evidence of preferential loss of carbonised phenolic resin (same 
as the base coke analogue), 
• a weakened external surface of the sample due to removal of 
carbon, 
• appearance of preferential loss of carbon around Fe particle, and   
• evidence of darker phase around Fe particles closer to the 
external surface of the sample (thought to be iron oxides, see 




4.1.3  Polarised optical microscopy of the fired base coke analogue    
Polarised optical microscopy was carried out to better elucidate the characteristic 
features of the fired base coke analogue microstructure not seen under the non-polarised 
optical microscopy. Figure 4-10 shows the polarised (plane and crossed) optical 
micrographs of the fired base coke analogue. Under the polarised light, the graphite 
grains exhibited anisotropic character (sensitive to reflection in plane polarised and 
cross polarised views) while the areas thought to be carbonised phenolic resin exhibited 









Figure 4-10: The polarised optical micrographs of the fired base coke analogue. (a) 
Plane polarised and (b) crossed polarised.  
 
4.1.4 Polarised optical microscopy of the post reacted samples 
Polarised optical microscopy was carried out to characterise the microstructure of coke 
analogues (base, Fe 46µm, Fe3O4 46µm and quartz (SiO2)) after reaction in CO2 at 
1100°C and arrested after 20 minutes. The plane polarised optical micrographs of the 
post reacted coke analogues are given in Figures 4-11 to 4-14. The micrographs were 
taken closer to the external surface of the samples. Figures 4-11 to 4-14 show coke 
analogue carbon microstructure that have grains of particle size similar to the initial 
graphite grains but the absence of the less obvious grain structure associated with the 
carbonised phenolic resins. Figure 4-12 shows the presence of a non-metallic phase 
around the Fe particle. The phases that appeared similar to that in Figure 4-12 were then 
assessed under the ZEISS EVO 50 SEM using the same sample and given in section 
























Figure 4-11: A polarised optical micrograph of the external surface of base coke 







Figure 4-12: A polarised optical micrograph of the external surface of coke analogue–







Figure 4-13: A polarised optical micrograph of the external surface of coke analogue–







Figure 4-14: A polarised optical micrograph of the external surface of coke analogue–
quartz (SiO2) reacted in CO2 at 1100°C for 20 minutes. 
50µm 
Graphite grain (similar to the initial <45µm 
particle size) 
Mounting resin 
Fe particle enclosed in iron–oxide 
20µm 
Graphite grain (similar to the initial <150µm 
particle size)  
Mounting resin  
Graphite grain (similar to the initial <45µm 
particle size)  
50µm 
Graphite grain (similar to the initial <150µm particle 
size) 
Mounting resin  
Fe particle (similar to the initial 38–53µm particle size) 
with a round morphology (relative to the initial angular 
morphology of the magnetite particles) 
Graphite grain (similar to the initial <45µm particle 
size) 
Graphite grain (similar to the original <150µm 
particle size) 
50µm 
Graphite grain (similar to the original <45µm 
particle size) 
Mounting resin  
Quartz particle (similar to the original 38–53µm 
particle size and initial angular morphology) 
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4.1.5 SEM-EDS analysis of the external surface of coke analogue–Fe 46µm 
reacted in CO2 at 1100°C for 20 minutes 
SEM-EDS analysis of the external surface of coke analogue–Fe 46µm reacted in carbon 
dioxide at 1100°C and arrested after 20 minutes was carried out to characterise the 
darker phase observed around the metallic iron particle. The SEM backscattered 
micrographs of the reacted sample focused on metallic iron microstructure are given in 
Figure 4-15. The positions marked ‘+’ and a number on the SEM backscattered 
micrographs indicate where the EDS spot analyses were taken. The composition of the 
EDS spot analyses is given in Table 4-11 and 4-12. Table 4-11 shows spot analyses of 
iron-alumina-silica-calcia oxide dominated phases while Table 4-12 shows spot 
analyses of iron oxide dominated phases. The (O*/Fe) value indicative of the iron oxide 
phase is given in Table 4-13. Table 4-13 shows that the iron oxide phases around the 
metallic iron were magnetite (Fe3O4) and hematite (Fe2O3) rather than wustite (FeO). 












Figure 4-15: The SEM backscattered micrographs at the external surface of coke 
analogue–Fe 46µm reacted in CO2 at 1100°C for 20 minutes. The micrographs were 































flake Iron particle 
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Table 4-11:  The composition of the EDS spot analyses for iron-alumina-silica-calcia 
oxide dominated phases in atom%.   
EDS spots Ca Mg Fe Si Al O 
15 4.8 trace 17.7 11.7 trace 65.8  
16 2.8 - 34.6 7.8 2.3 52.5 
20 6.6 - 18.7 11.6 - 63.1 
21 3.6 - 20.6 11.0 trace 64.8 
24 9.2 - 17.8 12.1 2.6 58.3 
28 11.7 trace 9.4 9.4 4.5 65.0 
30 trace trace 14.2 trace 18.8 67.0 
 
 
Table 4-12:  The composition of the EDS spot analyses for iron oxide dominated 
phases in atom %.   
EDS Spots 17 18 19 22 23 25 26 
Fe 34.6 34.3 32.7 35.8 36.6 36.5 36.5 
O 65.4 65.7 67.3 64.2 63.4 63.5 63.5 
O*/Fe 1.9 1.9 2.1 1.8 1.7 1.7 1.7 
 
EDS Spots 27 29 31 32 33 34 35 
Fe 44.2 39.4 37.8 35.7 38.3 45.7 45.0 
O 55.8 60.6 62.2 64.3 61.7 54.3 55.0 
O*/Fe 1.3 1.5 1.7 1.8 1.6 1.2 1.2 
 
Table 4-13:  The iron oxide phases identified in Table 4-12. 
Iron oxide 
phases+ 
EDS spots O*/Fe (average and 
standard deviation) 
Fe3O4 22, 23, 25, 26, 27, 29, 31, 32, 33, 34 and 35 1.6±0.2 
Fe2O3 17, 18 and 19 2.0±0.1 
+see equation 3-1 and Table 3-8 for the definition of (O*/Fe) 
 
A summary of the optical and electro-optical microscopy and associated EDS 
analysis results  
• Characteristic features of the coke analogues microstructure indicating that the 
graphite grains were similar to the initial graphite grains (<45µm and <150µm 
particle sizes) used to make the coke analogue. The graphite grains exhibited 
anisotropic character in plain and crossed polarised lights (Figures 4-1 to 4-8, 4-
10 and III-1 to III-8).  
 
• Characteristic features of the coke analogues microstructure indicating that the 
carbonised phenolic resin has a less obvious or little grain structure. If there is a 
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grain structure, it is likely to be <1µm in size and not resolved in the microscopy 
approaches used in this study. It is associated with small sized pores and 
exhibited isotropic character in plain and crossed polarised lights (Figures 4-1 to 
4-8, 4-10 and III-1 to III-8). 
 
• The presence of small amounts of alumina-silica-calcia oxide (<1 mass%) in the 
coke analogue (Figures 4-1 to 4-8). The source is the phenolic resin (Bakelite).  
 
• The Fe particles in the coke analogues (Figures 4-2 to 4-5 and III-2 to III-5) 
appeared to have sizes similar to the initial particle sizes (Figure 3-1(a) to 3-
1(d)). The Fe particles are more rounded than the original Fe particle addition 
(Figure 3-1(b, c)) and initial angular morphology for Fe3O4 particle addition 
(Figure 3-1(d)), indicating they may have gone through a liquid Fe phase during 
coke analogue firing. There was evidence of graphite flakes within the iron 
particles. It is difficult to resolve the shape and presence of graphite flake within 
the metallic iron with <10µm particle size in the microscopy approaches used in 
this study.  
 
• Enstatite ferroan (Mg1.56Fe0.44Si2O6), phlogopite ferroan 
(K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2) and quartz (SiO2) particles in the coke 
analogues (Figures 4-6, 4-7, 4-8 and III-6, III-7 and III-8) have sizes similar to 
the initial particle sizes (Figure 3-1(e), 3-1(f) and 3-1(g)). They also have 
angular morphology similar to that of the initial angular morphology used to 
make the coke analogue.   
 
• The elucidation of the microstructure of the fired and post reacted base coke 
analogue in horizontal and vertical views (Figures III-10 to III-12, III-16 to III-
18 and Table 4-10). The samples were prepared by arresting the reaction with 
CO2 after 1 hour at two different temperatures of 950°C and 1025°C.  The 
microstructure of the post reacted samples (Figures III-11, III-12 and III-17, III-
18) was similar to the fired samples (Figures III-10 and III-16), but also shows a 
weakened external surface due to the removal of carbon. There was evidence of 
preferential loss of carbonised phenolic resin compared to the graphite grains 
(remaining only particles of the size similar to the particle size of the initial 
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graphite used to make the coke analogue). The preferential loss of carbon was 
evident at the external surface of the sample, but difficult to resolve closer to 
interior of the sample at the magnification used in the study. 
 
• The elucidation of the microstructure of the fired and post reacted coke 
analogue–Fe 46µm in horizontal and vertical views (Figures III-13 to III-15, III-
19 to III-21 and Table 4-10). The reactivity testing was similar to the base coke 
analogue above. The microstructure of the post reacted samples (Figures III-14, 
III-15 and III-20, III-21) was similar to the microstructure of the fired samples 
(Figures III-13 and III-19). There was evidence of preferential loss of carbonised 
phenolic resin (similar to the base coke analogue above). It appeared that carbon 
was preferentially lost around the iron particles. Furthermore, closer to the 
external surface of the post reacted samples, a darker phase was observed on the 
surface of the Fe particles and is thought to be iron oxide (Figures III-14, III-15 
and III-20, III-21), 
 
• The elucidation of the microstructure of the external surface of coke analogues 
(base, Fe 46µm, Fe3O4 46µm and quartz (SiO2)) reacted in CO2 at 1100°C and 
arrested after 20 minutes given in Figures 4-11 to 4-15. There was preferential 
loss of carbonised phenolic resin compared to the graphite grains.  There was 
formation of iron oxide (magnetite and hematite) phases around the iron 
particles in the post reacted coke analogue–Fe 46µm (Figures 4-12 and 4-15 and 
Table 4-13).   
 
• The features of metallurgical coke microstructure indicating reactive maceral 
derived components (RMDC), inert maceral derived component (IMDC), 
mineral phase and pores (Figures 4-9 and III-9). The RMDC appeared to have a 
grain structure with size of approximately 50µm or larger. The IMDC appeared 
to have a less obvious grain structure at the magnifications used in this study. 
The IMDC is associated with minerals and smaller sized pores. The mineral 
phases have high variability in size, shape and distribution.  
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4.2.  Raman spectroscopy 
The results of the carbon bonding measurements (bulk and localised around particles) 
carried out in this study are presented in this section. The localised measurements were 
only applicable to the coke analogues containing metallic iron and minerals. The bulk 
measurement result of the metallurgical coke used in this work and the carbonaceous 
materials used to make the coke analogue are also presented. The Raman measurements 
were taken from positions identified as typical for the samples given in section 4.1.1. 
 
The carbon bonding of the coke analogues and other carbonaceous materials used in this 
study have been characterised using 
1. A plot of I(D)/I(G) versus I(V)/I(G),   
2.  A plot of I(V)/I(G) versus Raman position near the metallic iron and mineral 
particles,  and 
3. A plot of I(V)/I(G) versus distance from the metallic iron or mineral–coke 
analogue interface.   
In these plots, decreasing values of I(D)/I(G) and I(V)/I(G) represent an increasing graphitic 
nature. The non-polarised optical micrographs showing positions of the localised 
measurements are shown next to the Raman results.  
 
Key summary of the carbon bonding characterisation of the coke analogues are,     
1. A plot of I(D)/I(G) versus I(V)/I(G) (Figures 4-17 to 4-24) show that the carbon 
bonding of the coke analogues extended over a broad range of sp2 bonding 
(0.16–1.55 for I(D)/I(G)) and sp2–sp3 bonding (0–0.41 for I(V)/I(G)). It appeared to 
represent a combination of the carbon bonding of the carbonised carbonaceous 
materials used to make the coke analogue (Figure 4-16). Fe and minerals 
appeared to have no clear discriminating effect on carbon bonding as resolved 






2. A plot of I(V)/I(G) versus the Raman position near the Fe or mineral particle, and 
a plot of I(V)/I(G) versus distance from the Fe or mineral–coke analogue interface 
(Figures 4-18 to 4-24) show that Fe and minerals are having an effect on the 
sp2–sp3 bonding.  
• Fe (Figures 4-18(c, d), 4-19 (c, d), 4-20 (c, d) and 4-20 (c, d)) increased 
sp2 bonding. The white area of enstatite ferroan (Mg1.56Fe0.44Si2O6),  
thought to be Ti (Figure 4-22(e)), also increased sp2 bonding, and   
• Enstatite ferroan (Mg1.56Fe0.44Si2O6) (Figure 4-22(c, d)), phlogopite 
ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] (Figure 4-23(c, d)) and Quartz 
(SiO2) (Figure 4-24 (c, d)) had no significant discriminating effect on the 
sp2–sp3 bonding.  
 
3. A plot of I(D)/I(G) versus I(V)/I(G) (Figure 4-25) show that the carbon bonding of 
the metallurgical coke extended over range a tighter range of sp2 bonding (1.16–
1.45 for I(D)/I(G)) and sp2–sp3 bonding (0.38–0.62 for I(V)/I(G)).   
 











Figure 4-16: A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding of the 




















Fired Bakelite (40 data 
points) 
Fired Novolac (40 data points) Fired Graphite (80 data points) 
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<45µm (1 point) 
Unfired Graphite 
<150µm (1 point) 
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Figure 4-17: A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding of the base 
























150 data points 
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Figure 4-18: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d) a plot of I(V)/I(G) 















































0.5µm from metallic iron–coke analogue interface
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Figure 4-19: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d) a plot of I(V)/I(G) 


















































0.5µm from metallic iron–coke analogue interface
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Figure 4-20: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d) a plot of I(V)/I(G) 
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Figure 4-21: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d) a plot of I(V)/I(G) 
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Figure 4-22: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d and e) plots of 














































Distance from interface (µm)















0.5µm from enstatite ferroan–coke analogue interface
4µm from enstatite ferroan–coke analogue interface
150 data points 
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Figure 4-23: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d) a plot of I(V)/I(G) 


















































0.5µm from phlogopite ferroan–coke analogue interface
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Figure 4-24: (a) A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding, (b) non-
polarised optical micrograph showing the position of the localised Raman 
measurements, (c) a plot of I(V)/I(G) versus the Raman position and (d) a plot of I(V)/I(G) 


























0.5µm from quartz–coke analogue interface
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Figure 4-25: A plot of I(D)/I(G) versus I(V)/I(G) showing the carbon bonding of the 
metallurgical coke.  
 
4.3.  Porosity 
Three separate but complementary porosity techniques of optical microscopy combined 
with image analysis, mercury porosimetry and neutron radiography (Dingo) were used 
in this study to test whether the porosity and pore size distribution of the coke analogues 
were well controlled and reproducible. Neutron radiography (Dingo) was also used to 
evaluate pore interconnectivity. The results for the metallurgical coke used in this study 
are also given.     
 
4.3.1. Optical porosity and pore size distribution of the fired coke 
analogues and a metallurgical coke 
The optical porosity in the vertical and radial sections of the three base coke analogues 
and optical porosity of a single surface (10mm depth) of the coke analogues containing 
metallic iron and minerals was given in Table 3-4. The optical porosity from the 
extensive measurements of a single surface of eight base coke analogues was 29.6% 
with a variation of ±1.0%. This is less than the ±2.3% variation obtained from the 













80 data points 
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The average of the optical pore size distribution of the three base coke analogues 
(Figure 3-22) was compared to the data of a single surface of the coke analogues 
(Figures 4-26 to 4-28). This was carried out to verify whether the optical pore size 
distributions of a single surface of the coke analogues were similar to those obtained 
from the vertical and horizontal sections of the base coke analogues.  
 
Table 3-4 and the optical porosity of the eight base coke analogues show that the 
porosity of the coke analogues was well controlled and reproducible. Figures 4-26 to 4-
28 show that the optical pore size distribution of the coke analogues was well controlled 




Figure 4-26: A plot of porosity versus pore diameter range of a single surface of the 
eight base coke analogues compared to the average of the bulk data given in Figure 3-
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Figure 4-27: A plot of porosity versus pore diameter range of a single surface of the 
coke analogues containing Fe and Fe containing minerals compared to the average of 
the bulk data given in Figure 3-22.  
 
 
Figure 4-28: A plot of porosity versus pore diameter range of a single surface of the 




The optical porosity values of the three metallurgical coke samples (from the same 
source) used in this study were 24.7%, 30.9% and 37.5%. The optical pore size 
distribution of the three metallurgical cokes is given in Figure 4-29. Figure 4-29 shows 
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Figure 4-29: A plot of porosity versus pore diameter range of three metallurgical coke 
samples. The samples are from the same source.   
 
4.3.2.  Optical porosity and pore size distribution of reacted samples 
The optical porosity and pore size distribution of the coke analogues (base and Fe 
46µm) after reaction in CO2 at 950°C and arrested after 1 hour are given in Table 4-14 
and Figure 4-30 respectively. The results were compared to their unreacted (fired) 
samples. Table 4-14 shows that the optical porosities for the unreacted and reacted coke 
analogues were relatively similar, but with a possible slight increase in the reacted 
samples relative to the unreacted samples. Figure 4-30 shows that the optical pore size 
distributions of the unreacted and reacted coke analogues were relatively similar. 
 
Table 4-14: The optical porosities of the unreacted and reacted coke analogues.    
Coke analogues Optical porosity (%) 
Unreacted Reacted at 950°C for 1hour 
Base 29.3±2.3 30.7 






















Figure 4-30: The optical pore size distribution of the unreacted and reacted coke 
analogues (base and Fe 46µm). 
 
 
4.3.3. Dingo porosity and pore size distribution of the fired coke analogues 
and a metallurgical coke  
 
The porosities and percentage of connected pores with the slice thickness of the coke 
analogues (base, Fe 46µm, Fe3O4 46µm and quartz (SiO2)) and a metallurgical coke are 
given in Table 4-15. Neutron radiography (Dingo) shows that porosity values were 
relatively similar with increasing slice thickness.  
 
The Dingo pore size distribution with slice thickness of the coke analogues (base, Fe 
46µm, Fe3O4 46µm and quartz (SiO2)) and metallurgical coke are given in Figures 4-31 
to 4-35. The slice thickness in mm is given in the black box on the figures. Figures 4-31 
to 4-34, for the coke analogues, show that at slice thickness <0.05mm the pores were 
largely in the <300µm equivalent diameter range. These pores appeared to be 
interconnected to one another at slice thickness ≥0.21mm to form pores with equivalent 
diameter >500µm. Figure 4-35, for the metallurgical coke, shows that at slice thickness 
<0.05mm the pores were largely in the 100–500µm equivalent diameter range and 
appeared to be interconnected to one another at slice thickness ≥0.21mm to form pores 
with equivalent diameter >500µm. Figures 4-31 to 4-35 indicate that the pores in the 














Pore diameter range (µm)
Base (average of the bulk data)
Base (reacted at 950°C for 1hr)
Metallic iron 46µm (unreacted)
Metallic iron 46µm (reacted at 950°C for 1hr)




Coke analogues Metallurgical coke 


























0.03 25.3 0 25.0 0 23.3 0 22.4 0 29.8 0 
0.05 25.6 4.1 24.7 4.5 23.6 5.9 22.7 2.4 29.9 14.7 
0.10 25.6 19.2 24.8 21.9 23.5 18.7 22.9 22.5 30.2 55.6 
0.21 25.1 54.3 24.6 58.4 23.4 47.6 22.4 48.8 30.5 80.3 
0.43 24.2 77.0 24.3 81.2 23.6 71.0 22.4 73.8 31.4 91.2 
0.67 23.5 80.8 24.1 81.1 23.8 80.3 22.3 78.7 31.9 95.1 
1.34 23.5 80.8 23.9 83.0 23.1 84.3 22.0 87.6 29.3 95.8 
2.68 23.9 82.7 23.3 82.9 23.7 84.2 22.4 89.0 30.5 97.1 
5.36 23.2 85.9 23.5 82.9 23.7 87.1 23.4 89.1 31.7 97.7 






































Figure 4-31: A plot of porosity versus pore diameter range of the base coke analogue, 
showing pore size distribution with slice thickness using Dingo method. The text in the 


































































































































































































Figure 4-32: A plot of porosity versus pore diameter range of the coke analogue–Fe 
46µm, showing pore size distribution with slice thickness using Dingo method. The text 































































































































































































Figure 4-33: A plot of porosity versus pore diameter range of the coke analogue–Fe3O4 
46µm, showing pore size distribution with slice thickness using Dingo method. The text 



























































































































































































Figure 4-34: A plot of porosity versus pore diameter range of the coke analogue–quartz 
(SiO2), showing pore size distribution with slice thickness using Dingo method. The 




























































































































































































Figure 4-35: A plot of porosity versus pore diameter range of the metallurgical coke, 
showing pore size distribution with different slice thicknesses using Dingo method. The 








































































































































































4.3.4.  Dingo porosity and pore size distribution of reacted samples 
The Dingo porosity and pore size distribution of the coke analogues (base, Fe 46µm, 
Fe3O4 46µm and quartz (SiO2)) reacted in CO2 at 1100°C with time (arrested after 10 
minutes and a further 10 minutes (20 minutes in total)) are given in Table 4-16 and 
Figure 4-36 respectively. Table 4-16 shows that porosity increases with increasing 
reaction time at this experimental temperature (1100°C). Figure 4-36 shows that large 
size pores with equivalent diameter >500µm were formed with reaction time.  
 
An example of 2D image of the coke analogue–quartz (SiO2) in fired condition and after 
CO2 reactivity testing at 1100°C with time is given in Figure 4-37. Figure 4-37 shows 
“sponge-like” pore structure at the external surface of the reacted sample. This “sponge-
like” pore structure increase with reaction time but the core of the reacted sample 
appeared to remain unreacted, indicating that at this experimental condition the 
enlargement of the pores occurred mainly at the external surface of the sample.  
 
Table 4-16: Dingo porosity of the unreacted and reacted coke analogues.    
Coke analogues Dingo porosity % (slice thickness is 0.03mm) 
Unreacted Reacted at 1100°C 
for 10 minutes for 20 minutes 
Base 25.3 27.9 30.5 
Fe 46µm 25.0 28.0 31.2 
Fe3O4 46µm 23.3 28.5 33.6 






















Figure 4-36: A plot of porosity versus pore diameter range of the coke analogues, 
showing pore size distribution with reaction time using Dingo method. (a) Base, (b) Fe 








Figure 4.37: An example of 2D image of the coke analogue–quartz (SiO2). (a) Fired 
condition, (b) after CO2 reactivity testing at 1100°C for 10 minutes and (c) after CO2 
reactivity testing at 1100°C for a further 10 minutes (20 minutes in total). The slice 
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4.3.5.  Mercury porosimetry of the fired coke analogue 
The mercury porosimetry provided data for pores with equivalent diameter <10µm in 
addition to the pores in the diameter range 10–500µm measured with the optical 
microscopy. This method measured pores in the diameter range 0.003–300µm. The 
porosity of the coke analogue samples (three base and a coke analogue–Fe3O4 46µm) 
are given in Table 4-17. The similar porosity values of the coke analogues indicate that 
the porosity of the coke analogues is well controlled and reproducible. 
 
Table 4-17: Porosity of coke analogue samples measured using mercury porosimetry. 
Coke analogues Porosity, % (0.003–300µm)  
Base  39.6 ± 2.8 (average of 3 samples) 
Magnetite 46µm 40.0 
Note, the coke analogue–Fe3O4 46µm was measured to check whether the reduction of 
Fe3O4 to Fe during coke analogue production affected the porosity of the sample. 
 
A summary of the porosity results  
• The three different techniques (optical (Figures 3-22, 4-26 to 4-28 and Table 3-
4), mercury porosimetry (Table 4-17) and neutron radiography (Dingo) (Figures 
4-31 to 4-34)) indicated that the porosity and pore size distribution of the coke 
analogues were similar, well controlled and reproducible.   
• The mercury porosimetry was able to measure pores with equivalent diameter as 
low as 0.003µm. 
• The optical porosity and pore size distribution of the coke analogues (base and 
Fe 46µm) in fired and post reacted (in CO2 at 950°C and arrested after 1 hour) 
conditions were relatively similar (Table 4-14 and Figure 4-30), but with 
possible slight increase in the porosity of the reacted samples relative to the 
unreacted samples,   
• The  neutron radiography (Dingo) indicated that the pores of the coke analogues 
(Figures 4-31 to 4-34) and metallurgical coke (Figure 4-35) were highly 
interconnected with increasing slice thickness or in three dimensions,  
• The neutron radiography (Dingo) indicated that porosity increases and pores 
were enlarged when the coke analogues were reacted in CO2 at 1100°C with 
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time (Table 4-16 and Figure 4-36). The pore enlargement occurred mainly at the 
external surface of the reacted sample (Figure 4-37), and  
• The optical porosity of the three metallurgical coke samples (same source) used 
in this study was not similar. Likewise, their pore size distribution has 
significant variation (Figure 4-29).   
 
4.4.  Thermodynamic analysis of metallic iron and mineral stability in the fired 
coke analogues 
The results of MTDATA thermodynamic assessment of metallic iron and mineral 
stability in the fired coke analogues are presented in this section. The thermodynamic 
calculation was based on the proportional addition of the carbonaceous and non-
carbonaceous materials used to make the coke analogue, as given in Table 3-1. The 
mass % of the thermodynamically stable phases and the components in the phases at the 
coke analogue firing temperature of 1200°C are given in Table 4-18. Only phases at 
1200°C have been considered. The MTDATA predicts that at 1200°C, Fe and Fe3O4 
would be in a liquid Fe phase with the release of CO gas from Fe3O4 on reaction with 
carbon. Enstatite ferroan (Mg1.56Fe0.44Si2O6) and phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] would decompose into other thermodynamically 
stable phases accompanied by the release of gases. Quartz (SiO2) would undergo phase 
transform to form tridymite (SiO2). Plots of the effect of temperature on the phase 
stability of iron and minerals in the coke analogue as predicted by MTDATA are given 
in Figures 4-38 to 4-42. 
 
The compounds Mg1.56Fe0.44Si2O6 and K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2 were not 
available in the MTDATA database. To deal with this, the following approach was used 
and the following inputs used in the calculation. 
• An equivalent mass of the compounds (~5g) and carbon (80g),  
• an equivalent mass of the elements in the compounds (based on the number of 
moles of the elements in the compounds), and  
• OH was replaced with an equivalent amount of O to maintain electron balance. 
The assumptions underlying this calculation were that, 
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1. energy of formation or reaction of Mg1.56Fe0.44Si2O6 and 
K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2 with carbon can be represented by a simple 
mass approach,  
2. equilibrium state of formation is only dependent on the amounts of each 
components and temperature, and  
3. OH and F are unstable at high temperature, and OH will decompose to simple 









































Table 4-18: The stable phases (in mass %) and components in the phases (in mass %) 
as predicted by MTDATA.  






in the phases 
Mass% of 
components in the 
phases 
Metallic iron (Fe) Graphite 94.2 C 100.0 
Liquid Fe 5.8 C 4.5 
Fe 95.5 
Magnetite (Fe3O4) Graphite 90.5 C 100.0 
Liquid Fe 5.8 C 4.5 
Fe 95.5 




Graphite 94.5 C 100.0 
Protopyroxene 
MgSiO3 
3.9 Mg 24.2 
O 47.8 
Si 28.0 
Tridymite SiO2 0.7 O 53.3 
Si 46.8 
Liquid Fe 0.6 C 4.5 
Fe 95.5 
CO gas 0.3 C 42.9 
O 57.1 
Phlogopite ferroan Graphite 94.0 C 100.0 
Sanidine 
KAlSi3O4 








1.2 O 45.4 
Mg 34.6 
Si 20.0 
K2Si4O9 0.9 O 42.9 
Si 33.6 
K 23.5 






MgF2 0.1 F 61.2 
Mg 38.8 
Quartz (SiO2)  Graphite 94.0 C 100.0 
Tridymite SiO2 6.0 O 53.3 
Si 46.7 
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Figure 4-38: The effect of temperature on the phase stability of Fe in the coke analogue 










Figure 4-39: The effect of temperature on the phase stability of Fe3O4 in the coke 




























Figure 4-40: The effect of temperature on the phase stability of enstatite ferroan 










5 Enstatite (MgSiO3) 
6 Protopyroxene (MgSiO3) 
7 Tridymite (SiO2) 
Other stable phases in trace 
amounts and given below 
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Figure 4-41: The effect of temperature on the phase stability of phlogopite ferroan 










5 Enstatite (MgSiO3) 
6 Protopyroxene (MgSiO3) 
7 Tridymite (SiO2) 
8 Sanidine (KAlSi3O4) 
9 Forsterite (Mg2SiO4) 
10 K2Si4O9 
11 Gas phase, consisting C, 
      O, F, K, Al and Si 
12 MgF2 
13 K2Si2O5 
Other stable phases in trace 
amounts and given below 
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Figure 4-42: The effect of temperature on the phase stability of quartz (SiO2) in the 
coke analogue as predicted by MTDATA.  
 
 
The comparison of the MTDATA thermodynamic predictions (at 1200°C) and the XRD 
measurement (at approximately 25°C) for phase stability of non-carbonaceous materials 











7 Tridymite (SiO2) 
Table 4-19:  A comparison of the MTDATA thermodynamic predictions and XRD measurements for phase stability of non-
carbonaceous materials in the coke analogue. 
Non-carbonaceous materials 
used to make the coke analogue 
MTDATA thermodynamic 
predictions for stable phases 
at 1200°C 
XRD results for stable phases in the coke analogue 
Without ashing After ashing at 520°C 
Metallic iron (Fe) Fe(l) α-Fe(s) – 









Phlogopite Ferroan  
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] 
Sanidine (KAlSi3O4), Fe(l), 
forsterite (Mg2SiO4), K2Si4O9 
and magnesium fluoride 
(MgF2)  





sanidine (KAlSi3O8), gedrite 
[(Fe,Mg,Al)7Al2Si6O22(OH)2], 
hematite (Fe2O3) and 
magnetite (Fe3O4). 
Quartz (SiO2) Tridymite (SiO2) α-Quartz (SiO2) – 





4.5.  Coke analogue reactivity 
4.5.1.  General reactivity in CO2 
The FWC versus time curves with temperatures of the coke analogues and metallurgical 
coke reacted in CO2 for 2 hours is given in Figures 4-43 to 4-53. The figures show that 
the final FWC became more negative with temperature. Figures 4-47 and 4-48 show 
that the coke analogues were completely reacted at ~1 hour at temperatures >1250°C 
and >1200°C respectively.     
Base coke analogue 
 
Figure 4-43: The FWC versus time curves with temperatures of the base coke analogue 
reacted in CO2 for 2 hours. 
 
Coke analogues containing Fe and Fe containing minerals 
Fe 5µm 
 
Figure 4-44: The FWC versus time curves with temperatures of the coke analogue–Fe 













































Figure 4-45: The FWC versus time curves with temperatures of the coke analogue–Fe 
46µm reacted in CO2 for 2 hours.  
Fe 46µm (I) 
 
Figure 4-46: The FWC versus time curves with temperatures of the coke analogue–Fe 
46µm (I) reacted in CO2 for 2 hours.  
Fe 83µm 
 
Figure 4-47: The FWC versus time curves with temperatures of the coke analogue–Fe 

























































Figure 4-48: The FWC versus time curves with temperatures of the coke analogue–
Fe3O4 46µm reacted in CO2 for 2 hours.  
Fe3O4 46µm (I) 
 
Figure 4-49: The FWC versus time curves with temperatures of the coke analogue– 
Fe3O4 46µm (I) reacted in CO2 for 2 hours.  
Enstatite ferroan, Mg1.56Fe0.44Si2O6  
 
Figure 4-50: The FWC versus time curves with temperatures of the coke analogue–




























































Phlogopite ferroan, K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2  
 
Figure 4-51: The FWC versus time curves with temperatures of the coke analogue–
phlogopite ferroan reacted in CO2 for 2 hours.  
 
 
Coke analogue containing quartz (SiO2) 
Figure 4-52: The FWC versus time curves with temperatures of the coke analogue–




























































Figure 4-53: The FWC versus time curves with temperatures of the metallurgical coke 
reacted in CO2 for 2 hours.  
 
 
4.5.2.  Post reactivity experimental observation and analysis 
The physical appearance and features of the coke analogues reacted (post-experimental) in 
CO2 for 2 hours is given in Table 4-20.  In general, the geometry of the samples remained 
unchanged up to approximately 1150°C, but deviate significantly from the initial cylindrical 






































Table 4-20: The physical appearance and features of the post reacted coke analogues 




900 925 950 975 1000 1025 1050 1100 1150 1200 1250 1300 1350 
Base # # # # # * β β β + + ҂ ҂ 
Fe 5µm # # * * β β - + - - - - - 
Fe 46µm # # # * * β β β β + † ^  ^  
Fe 46µm 
(I) 
- - # - - - - β - - - - - 
Fe 83µm # # # * * β - β - - - - - 
Fe3O4 
46µm 
# # * * β β β + + + † ^  ^  
Fe3O4 
46µm (I) 
- - * - - - - + - - - - - 
Enstatite 
ferroan 
# # # # # * β β β + + ^ ^ 
Phlogopite 
ferroan 
# # # # * β β β β + + ^ ^ 
SiO2 # # # # # * β β β + + $  $  
-   reactivity not measured 
#   maintained the initial cylindrical shape,   
*   maintained the initial cylindrical shape with powdered external surface, 
β   maintained the initial cylindrical shape with powdered external surface but broke up on transferring  
     from the furnace alumina pedestal to sample container, 
+   deviated from the initial shape and in powder form,  
†   no more coke analogue but presence of particles thought to be either iron or iron oxide, 
҂   no more coke analogue,  
^   no more coke analogue but presence of solidified residue, and 
$   no more coke analogue but presence of white powder. 
 
 
Summary of coke analogue reactivity results 
1. The FWC of the coke analogues (Figures 4-43 to 4-52) and metallurgical coke 
(Figure 4-53) became more negative with increasing temperature. 
2. At the same temperature, the FWC of the coke analogues (Figures 4-43 to 4-52) 
is more negative relative to the FWC of the metallurgical coke (Figure 4-53). 
3. At the same temperature, the FWC of the coke analogues became more negative 
with increase in the concentration of Fe (Fe 46µm (I) > Fe 46µm, and Fe3O4 
46µm (I) > Fe3O4 46µm). The FWC curves are given in Figures 4-46, 4-45, 4-49 
and 4-48 respectively. 
148 
 
4. At the same temperature and constant Fe concentration, the FWC of the coke 
analogues became more negative with change in particle size of Fe (5µm > 
46µm > 83µm). The FWC curves are given in Figures 4-44, 4-45 and 4-47.  
5. At the same temperature the effect of Fe and minerals (0.1mol per 100g of coke 
analogue carbonaceous materials and 38–53µm particle size range) on the FWC 
of the coke analogues can be ranked as quartz (SiO2) < base < enstatite ferroan 
(Mg1.56Fe0.44Si2O6) < phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] < Fe 
46µm < Fe3O4 46µm. The FWC curves are given in Figures 4-52, 4-43, 4-50, 4-
51, 4-45 and 4-48 respectively.  
6. The post reacted samples deviated from the initial cylindrical shape with 
increasing temperature (Table 4-20).  
 
 
4.6.  LECO analysis of coke analogue system containing Fe  
The LECO analysis result of carbon pick up and loss from the iron during firing and 
reaction with CO2 respectively is given in Table 4-21.  
 
Table 4-21:  The carbon (mass %) in the Fe    
LCAK steel sample condition Carbon (mass %) 
As-received 0.06 
Removed from fired coke analogue 1.72 
Removed from post reacted coke analogue ( in CO2 at 
950°C for 2hours) 
0.48 
Removed from post reacted coke analogue (in CO2 at 
1025°C for 2hours) 
0.46 
 
The measurement indicates that Fe picked up carbon after the analogue was fired at 
1200°C for 1 hour. The carbon level in the Fe decreased after reaction (post-







4.7. Assessment of Intercalation 
Intercalation has been assessed by considering the broadening of the (002) carbon peak. 
The assessment of the full width at half maximum (FWHM) of the (002) carbon peak is 
being carried out to establish the effects of iron and minerals. The FWHM and peak 
position of the (002) carbon peak of the base coke analogue is given in Figure 4-54. 
Figure 4-54 is typical of other analogue materials tested. The full details of these are 








Figure 4-54: The XRD pattern of fired base coke analogue showing FWHM and 
position of the (002) carbon peak.  
 
Table 4-22:  The FWHM and position of (002) carbon peak in the coke analogues  
Coke analogues Fired Post experimental at 









Base 0.286 26.54 0.336 26.58 
Fe 5µm 0.226 26.56 – – 
Fe 46µm 0.218 26.58 0.222 26.64 
Fe 83µm 0.240 26.54 – – 
Fe3O4 46µm 0.248 26.56 0.332 26.52 
Enstatite ferroan 
(Mg1.56Fe0.44Si2O6) 
0.296 26.50 0.302 26.56 
Phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] 
0.250 26.58 0.256 26.60 
Quartz (SiO2) 0.244 26.58 0.284 26.52 
– Not measured 
0













From Table 4-22, it can be seen that FWHM values of the coke analogues are relatively 
similar both in fired and post reacted conditions. It appears Fe and mineral additions do 
not affect the (002) carbon peak, that is no broadening of the peak. That is there appears 




5. Discussion: How representative of metallurgical coke is the coke 
analogue? 
Metallurgical coke is a complex material that consists of different carbonaceous forms 
or textural components, mineral components and has a pore size distribution with pores 
of various morphologies. In addition, it has significant heterogeneity in most metric(s) 
used to characterise its carbon form, carbon texture, mineralogy, mineral dispersion, 
mineral size and morphology, and porosity. The complexity and heterogeneity of coke 
make it difficult to evaluate mineral effects on coke behaviour.   
 
To overcome the complexity and heterogeneity issues a coke analogue was developed 
that represents a simplified metallurgical coke with controlled porosity, mineralogy, 
mineral dispersion throughout the coke and reactivity in CO2. While carbon type is not 
controlled, it is to a large degree set by the analogue production method and for the 
most part reasonably constant for all the analogues.  
 
The primary aims of this thesis are encapsulated in two questions.  
1. Is the coke analogue representative of metallurgical coke?   
2. Using the coke analogue, what are the effects of metallic/elemental iron on 
carbon bonding and analogue reactivity? 
Further with aims 3 and 4, there has been an attempt to quantify the relative effects 
(relative to Fe) of quartz (SiO2) and iron bonded with an oxide (enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) on the 
carbon bonding and analogue reactivity in CO2. 
The coke analogue used in this study is a relatively new material. This Chapter (Chapter 
5) is focused on the characterisation of the coke analogue and will assess how 
representative of metallurgical coke is the coke analogue. This Chapter addresses aim 1 
of this thesis. Aims 2, 3 and 4 of this thesis will be addressed in the subsequent chapters 
as,      
• Chapters 6, 7 and 8 will address aim 2,  
• Chapter 9 will address aim 3, and  
• Chapter 10 will address aim 4.  
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5.1.  How representative of metallurgical coke is the coke analogue?     
For the coke analogue to provide a realistic representation of the metallurgical coke it is 
required to replicate some key characteristic properties of, and behave in a similar 
manner to, metallurgical coke. The characteristic properties and behaviours evaluated in 
this study include  
1. Porosity, 
2. Microstructure,  
3. Carbon bonding, 
4. General reactivity of the coke analogue in CO2, and 
5. General mechanism of reaction of the coke analogue in CO2. 
In order to use the coke analogue for understanding metallurgical coke, it is important 
that its key properties are controlled, while the behaviour of the coke analogue is 
reproducible.  
 
5.1.1.  Porosity 
The porosity of the coke analogue as characterised by optical microscopy combined 
with image analysis, mercury porosimetry and neutron radiography (Dingo) will be 
discussed in this section.    
 
Importance of porosity control 
Reactivity in CO2 and mineral interactions with metallurgical coke or coke analogue are 
heterogeneous reaction systems and proportional to the contact area of the coke or coke 
analogue. Generally, this contact area is the surface area of the coke or coke analogue 
and can be considered a function of porosity. The contact area–porosity of coke is 
highly variable, even within a coke batch or lump and from coke to coke type. The 
porosity of coke can range between 35% and 70% [2, 5, 11, 77, 108, 165, 167, 168]. 
This variability can cause significant uncertainty in isolating specific reactivity effects 
of minerals. If an analogue can be produced that has low variation in porosity then the 
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uncertainty in comparing the effects of minerals or other factors can be reduced and 
perhaps the reactivity of coke can be better understood.  
 
A general rate equation for a heterogeneous reaction could be written as,  
nCΔk.A.=dt
dX          5-1 
 
where k is the reaction rate constant g.s–1.m–2, A is the contact area in m2, ΔC is the 
concentration change of gaseous reactants in g.m–3 and n is the order of the reaction. 
 
From equation 5-1, it can be seen that the rate of reaction is a function of reaction rate 
constant k, contact area A of the reactants, order of the reaction n and a gas 
concentration change ΔC, which can be approximated to the thermodynamic driving 
force for the reaction. The specific or appropriate values for k, A, n and ΔC in equation 
5-1 are dependent on the prevailing rate controlling mechanism. The rate controlling 
mechanism is a function of temperature.  
 
The contact area–porosity relationship in metallurgical coke or coke analogue will be 
different for a different rate controlling mechanism. For chemical reaction control, A is 
greater than that for the mixed control, which in turn will be greater than that for the 
mass transfer in the gas boundary layer control. In a chemical reaction control system, 
all surfaces, including pores and pore walls, providing the CO2 gas can reach the pores, 
are available for reaction. In a mixed control system, the penetration of the pores with 
the reactant CO2 gas is at least a function of the pore size and pore connectivity, which 
limits the depth of penetration and therefore the area available for reaction.  In a mass 
transfer control system the appropriate area of the solid is its external geometry. It can 
therefore be expected that with increasing temperature, moving from chemical reaction 
control (zone I) to mixed control (zone II) to mass transfer in the gas boundary layer 




In the coke analogue used in this study, the initial porosity of 29.3% ± 2.3% and pore 
size distribution were controlled, fixed and reproducible (Table 3-4 and Figures 3-22, 4-
26 to 4-28).  The control and fixing of initial porosity of the coke analogue samples 
used in this study should minimise or eliminate porosity as a variable in reactivity 
testing.  
 
There is the potential for the evolution of porosity on reaction to be different for 
different coke analogues. To address this, post-experimental porosity measurements 
were made on selected coke analogues that were reacted in CO2 at 950°C and arrested 
after 1 hour (Table 4-14 and Figure 4-30). The porosity values after reaction for the base 
coke analogue and coke analogue–Fe 46μm were 30.7% and 32.4% respectively, 
corresponding to FWC values of -0.07 and -0.12 for the base and Fe 46µm respectively. 
While slightly larger than the original (unreacted) values of 29.3% ± 2.3% (for base) 
and 31.7% (for Fe 46µm), they are also similar and show no preferential increase in 
porosity associated with Fe addition. This is not to say there is no biasing of porosity 
associated with Fe addition, but given the post-experimental porosity values after 
reactivity testing, it is unlikely to be a significant variable in the differences in 
reactivities of the coke analogues tested.  
 
There was an attempt to use the BET [161, 173] to study the effects of gas-solid contact 
area in this study, but as the baseline values proved difficult due to degassing issues 
associated with the carbonaceous materials [161], this approach was discontinued.  
 
Comparison of porosity measurements using different measurement techniques 
The optical microscopy, mercury porosimetry and neutron radiography (Dingo) used in 








Table 5-1:  The porosity of the base coke analogue measured using optical 










thickness of  
0.03mm) 
25.3 30–500 (1) Gives pore 
interconnectivity in 
3D, and 
(2) Non-destructive.  
(1) Resolution on 
sample was ~30µm, 
(2) The analysis is 
time intensive (~24 







29.3±2.3 10–500 (1) Simple method, 
(2) Repeatable, 
(3) Readily available 
in UOW laboratory, 
and  
(4) The analysis is 






39.6±2.8 0.003–300 (1) Can measure 
pore diameter as low 
as 0.003µm, and 
(2) Standard 
technique 
(1) Cost: Not 
available in UOW 
laboratory, and  




The mercury porosimetry value was significantly higher relative to both optical 
microscopy and neutron radiography (Dingo). As the mercury porosimetry could 
measure porosity not assessed by the other techniques, it is therefore not surprising that 
it gives higher values.      
 
The interconnectivity of pores: 3D analysis 
The neutron radiography (Dingo) indicated that the apparent porosity of the coke 
analogues did not change significantly with increasing slice thickness (volume 
analysed). For example, the porosity value for a base coke analogue at slice thickness 
0.03mm was 25.3% compared to slice thickness 10.72mm with 23.7% (Table 4-15). 
What did change though was the apparent pore size of the pores that made up the 
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porosity. The apparent pore size increased with increasing thickness of the analogue 
sample analysed. This is only likely to be correct when the pores are interconnected.  
 
The high pore interconnectivity as indicated by the Dingo 3D measurements showed 
that the majority of the pores (~90%) and pore walls of the coke analogues would be 
accessible for CO2 gas penetration. Similar behaviour of high pore interconnectivity in 
3D was also found in a metallurgical coke sample used in this study (Figure 4-35). The 
results of this study is consistent with the recent results of Jenkins et al. [171] where 
micro-CT imaging with a resolution of ~8µm was used to characterise the 3D pore 
structure of coke samples. In the Jenkins study, they found that ~99% of the pores in the 
coke samples were highly interconnected in 3D [171].  
 
The coke analogue has high interconnectivity in 3D and representative of metallurgical 
coke used in this study and reported by Jenkins et al. [171].  
 
Comparison of coke analogue porosity with metallurgical coke porosity 
A comparison of the porosity of the base coke analogue and metallurgical cokes (this 
study and reported in the literature [2, 5, 165]) measured using the optical microscopy is 
given in Table 5-2. The metallurgical coke measured in this study was used to show the 
inherent significant variation in coke porosity from the same source. 
Table 5-2:  A comparison of the porosity of base coke analogue and metallurgical 
cokes measured using the optical microscopy. 
Coke analogue and metallurgical coke Porosity (%) 
Base coke analogue  29.3±2.3 
Metallurgical coke (this study) 24.7–37.5 
Metallurgical coke [2] 51.3–67.1 
Metallurgical coke [5] 49.8–64.9 





A comparison of the pore size distribution of the coke analogue and metallurgical coke 
(this study and reported in the literature [2]) measured using the optical microscopy is 

















Figure 5-1:  A plot of pore size distribution in (a) base coke analogue, (b) metallurgical 
coke (this study) and (c) metallurgical coke from the literature [2]. The base coke 
analogue (1) and (2) are from the same batch, (3)–(8) from different batches. The 
metallurgical cokes (1) to (3) used in this study is from the same source. The 
metallurgical coke (from the literature) 1(a, b, c) are from the same batch, 2(a, b, c) 
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Loison et al. [2]  
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From Table 5-2 and Figure 5-1, it can be seen that the porosity and pore size 
distribution of the coke analogue is well controlled, reproducible and less scattered 
relative to the metallurgical cokes. The majority of the porosity (~60% of the total 
porosity) of the coke analogue is in the 10–100μm diameter range. It can also be seen 
that in comparison with metallurgical coke (Figure 5-11(c)), the data is comparable in 
size range 10–200 µm. This is encouraging as the principal aim of developing the coke 
analogue is to produce a research tool, representative of key aspects of coke, that is 
more controlled and reproducible.  
 
The well-controlled and reproducible initial porosity of the base coke analogue is 
significant and likely responsible for the relative similarity in the FWC values of the 
three base coke analogue samples reacted in CO2 at 1100°C for 2 hours (Figure 3-31, 
reproduced in the following text). This would not be possible with the metallurgical 
coke due to its heterogeneity issues [11, 21, 179, 188, 225].   
 
A FWC versus time plot of three base coke analogue samples reacted in CO2 at 1100°C. 





















5.1.2.   Microstructure  
The microstructure of coke analogue as characterised with optical and electro-optical 
microscopy and associated EDS analysis is discussed in this section. The microscopy 
methods used in this study are the commonly used methods to characterise the 
microstructure of metallurgical coke [2, 3, 5, 7, 10, 20, 22, 24, 25, 27, 56, 57, 59, 60, 67, 
68, 77, 80, 98, 101-113, 165, 167]. This should allow a direct comparison of the 
microstructure of coke analogue to that of metallurgical coke. The microstructure of 
metallurgical coke is made up of  
1. Carbons (reactive maceral derived component (RMDC) and inert maceral 
derived component (IMDC)) 
2. Pores, and  
3. Minerals. 
The components that make up the microstructure of the coke analogue are carbon 
(graphite grains and carbonised phenolic resin), Fe/minerals (excluding the base coke 
analogue) and pores (Table 4-1, Figures 4-1 to 4-8, 4-10 and III-1 to III-8).  
 
To facilitate the analogue comparison with coke, Figure 4-3(a, b) for the coke 
analogue–Fe 46µm is reproduced in Figure 5-2 with a metallurgical coke. The 













Figure 5-2: A comparison of the microstructure of the analogue and metallurgical coke.  (a) non-polarised optical micrograph of the coke 
analogue–Fe 46µm, (b) SEM backscattered micrograph of the coke analogue–Fe 46µm, (c) non-polarised optical micrograph of 
metallurgical coke and (d) SEM backscattered micrograph of metallurgical coke.  
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Carbonised phenolic resin 
(similar in character to the 
IMDC in metallurgical coke) 
Graphite grain (similar in 
character to the RMDC in 
metallurgical coke) 















The carbon (graphite grains and carbonised phenolic resin) microstructure of coke 
analogue is simple and well controlled (Table 4-1, Figures 4-1 to 4-8, 4-10 and III-1 to 
III-8). The graphite grains have sizes similar to the initial graphite powders used to 
make it (<45µm and <150µm particle sizes) and exhibited an anisotropic character 
under the polarised (plane and crossed) light (Figure 4-10). The carbonised phenolic 
resin in the coke analogues have little or a less obvious grain structure and exhibited an 
isotropic character under the polarised (plane and crossed) light (Figure 4-10).   
 
In general terms both the grain structure and the anisotropic character of the graphite 
component in the coke analogue have features similar to the RMDC type in 
metallurgical cokes (used in this study (see Figure 5-2) and the literature [2, 3, 5, 10, 60, 
101-108, 120]). Also, both the less obvious grain structure and the isotropic character of 
the carbonised phenolic resin component in the coke analogue have features similar to 
the IMDC type in metallurgical cokes. The RMDC/IMDC like features in the analogue 
reasonably aligns with what would represent a coke made from a very low rank coal (Ro 
max <0.8) [2].  
 
Fe and mineral phase, morphology and dispersion  
The Fe and mineral phase in the coke analogues are well controlled and evenly 
distributed (Figures 4-2 to 4-8 and III-2 to III-8) compared to metallurgical cokes used 
in this study (Figures 4-9 and III-9) and that reported in the literature [7, 83]. The even 
distribution and controlled dispersion of Fe and minerals in the coke analogues will 
minimise heterogeneity issues associated with the particles, which is a significant issue 
in the use of metallurgical coke. 
 
The Fe particles in the coke analogues (Figures 4-2 to 4-5 and III-2 to III-5) appeared to 
have sizes similar to the initial particle sizes used to make the coke analogues (Figure 3-
1(a) to 3-1(d)). They also have a round morphology (relative to the initial morphology 
of agglomerated small spherical particles for Fe (Figure 3-1(b) and 3-1(c) and initial 
angular morphology for Fe3O4 (Figure 3-1(d)), indicating that they may have gone 
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through a liquid Fe phase during coke analogue firing at 1200°C. This is consistent with 
the MTDATA thermodynamic prediction at 1200°C (Figures 4-38 and 4-39 and Table 
4-18). From the MTDATA thermodynamic analysis (Figures 4-38 and 4-39), it can be 
seen that liquid Fe would form at ~1147°C (the eutectic temperature). This temperature 
is lower than the firing temperature of the coke analogue. There was evidence of 
graphite flakes within the Fe particles and this may have consequences for changes in 
sp2–sp3 bonding at the Fe–coke analogue interface (to be discussed in detail in Chapter 
6).  
 
The magnetite (Fe3O4) was found to be elemental Fe in the coke analogue after firing 
(Figures 4-5, II-4 and III-5). The reduction of magnetite (Fe3O4) with carbon (see 
equation 5-2) [63, 64] has a negative ∆G° at 1200°C. 
332754J-=1200°Cat°ΔG4CO+3Fe→4C+OFe (g)(s)(s)4(s)3  [63, 64] 5-2 
The negative ∆G° value indicates that the formation of Fe is thermodynamically 
spontaneous and the reaction will proceed from left to right when Fe3O4 is fired within 
the coke analogue at 1200°C.  
 
The enstatite ferroan (Mg1.56Fe0.44Si2O6), phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] and quartz (SiO2) particles in the coke analogues 
(Figures 4-6, 4-7, 4-8 and III-6, III-7 and III-8) have sizes similar to the initial particle 
sizes used to make the coke analogues (Figure 3-1(e), 3-1(f) and 3-1(g)). They also have 
an angular morphology similar to the initial angular morphology used to make the coke 
analogues.  
 
The XRD analysis of the coke analogues prepared with enstatite ferroan (Figure II-5) 
and phlogopite ferroan (Figure II-6) indicate that the minerals did not decompose into 
the phases predicted by the MTDATA thermodynamic predictions at 1200°C (Figures 
4-40, 4-41 and Table 4-19).  
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It was not possible to carry out a full thermodynamic analysis of enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] as these 
phases were not in the MTDATA databases. While it was not possible to do the full 
analysis, equivalent masses of each element in the mineral (mass of mineral is ~5g) and 
an excess carbon (80g) were inputted into MTDATA. The stable phases predicted were 
1. protopyroxene (MgSiO3), tridymite (SiO2) and Fe(l) for enstatite ferroan, and  
2. sanidine (KAlSi3O4), Fe(l), forsterite (Mg2SiO4), K2Si4O9 and magnesium 
fluoride (MgF2) for phlogopite ferroan.  
 
The phases predicted by MTDATA may not have formed either because of the set-up of 
the calculations (1 and 2 above) are not well founded or because the decomposition of 
the Mg1.56Fe0.44Si2O6 and K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2 are kinetically limited, that is 
the predicted phases did not have enough time to form.  
 
Summary of main points 
• The microstructure of the coke analogue appeared similar to the microstructure 
of metallurgical coke, with the graphite grains and carbonised phenolic resin 
similar in character to the RMDC and IMDC respectively. 
• Though similar, the coke analogue microstructure is simpler/less complex than 
metallurgical coke. 
• The coke analogue microstructure is relatively homogenous and reproducible 








5.1.3.  Carbon bonding    
The carbon bonding of the coke analogue as characterised with Raman spectroscopy is 
discussed in this section. The Raman spectroscopy has been used to characterise the 
structural order or carbon bonding of metallurgical coke [17, 18, 26, 62, 114-117, 122]. 
This should allow direct comparison of the carbon bonding of the coke analogue to 
metallurgical coke (measured in this study and reported in literature). The specific 
effects of Fe and minerals on carbon bonding will also be discussed.  
 
It is generally argued that a number of factors can modify the carbon bonding of 
metallurgical coke. These factors are,  
1. annealing [18, 43, 44, 70, 115, 119, 145],   
2. catalytic graphitisation [4, 25, 26] and  
3. physical distortion [44, 130, 144].  
Annealing and catalytic graphitisation increase sp2 bonding while physical distortion 
increases sp3 bonding. These factors were discussed in detail in the literature review 
chapter (section 2.2.2).  
 
The carbon bonding of the base coke analogue is given in Figure 4-17. In order to 
explain this result, the carbon bonding of the carbonised carbonaceous materials used to 
make the coke analogue (Figure 4-16) will be discussed first.  
 
In Figure 4-16, the unfired and fired graphite have low I(V)/I(G) values, as would be 
expected for graphite and graphitised carbons with ordered sp2 bonding [18, 62, 116, 
123-126]. The fired graphite has higher I(D)/I(G) values compared to unfired graphite. 
This is due to thermal distortion of the graphite lattice [123]. The thermal distortion of 
the graphite lattice introduces defects into the graphite structure changing the sp2 
bonding. The fired Bakelite and fired Novolac have high I(D)/I(G) and I(V)/I(G) values. 
These are what would be expected for less structured carbonaceous materials with 
disordered sp2–sp3 bonding [18, 115, 116, 123-130].  
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From comparison of Figures 4-16 and 4-17, it can be seen that the carbon bonding of 
the base coke analogue appeared to be the combination of the carbon bonding of the 
carbonised carbonaceous materials used to make it. The carbon bonding of the base 
coke analogue extends from the ordered sp2 bonding of the fired graphite to the 
disordered sp2–sp3 bonding of the carbonised phenolic resin (Figure 5-3) [18, 115, 123, 
125, 127-129, 133]. In retrospect, this range of values would be expected from a 
material made up of graphite, and fired Bakelite and fired Novolac. The Raman 
measurements represent the extreme (individual) values of the materials and possible 









Figure 5-3: An illustration of the ordered sp2 bonding and disordered sp2–sp3 bonding 
of the base coke analogue.   
 
 
Comparison of coke analogue carbon bonding with metallurgical coke carbon 
bonding 
 
In order to understand whether the carbon bonding as measured in the base coke 
analogue was similar to that of the metallurgical coke, it was compared with 
metallurgical coke measured in this study (Figure 4-25) and Raman measurements of 
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Figure 5-4: A comparison of the carbon bonding in the coke analogue and metallurgical 
coke samples using plot of I(D)/I(G) versus I(V)/I(G) approach.  
 
The Raman measurements on the metallurgical coke used in this study (1.16–1.45 for 
I(D)/I(G) and 0.38–0.62 for I(V)/I(G)) agree well with that reported in the literature [17, 18, 
26, 62, 114-117, 122]. The literature data are from metallurgical coke samples that were 
not subjected to high temperature annealing. These grouped I(D)/I(G) and I(V)/I(G) values 
are characteristic of disordered sp2–sp3 carbon bonding.   
 
The carbon bonding of the base coke analogue (0.16–1.55 for I(D)/I(G) and 0–0.41 for 
I(V)/I(G)) overlaps with that for the metallurgical coke measured in this study and 
reported in the literature (Figure 5-4), but cover a much broader range.  The broader 
range of values for the base coke analogue raises a question about its representation of 
metallurgical coke. Ultimately, this may limit the coke analogue’s usefulness in 
predicting metallurgical coke behaviour, but it is envisaged that it will be a consistent or 
near consistent starting point for what could be referred to as carbon bonding type to 
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Effects of elemental Fe, Fe containing minerals and quartz (SiO2) on sp2–sp3 
bonding: I(D)/I(G) versus I(V)/I(G) approach  
 
Attempts were made to assess the effects of elemental Fe, Fe containing minerals and 
quartz (SiO2) on the sp2–sp3 bonding in the coke analogue, using plots of I(D)/I(G) versus 
I(V)/I(G) (see Figures 4-18(a) to 4-24(a)).  The general character of these plots was 
compared with a similar approach for base coke analogue (Figures 4-17 and 5-3).  
 
In comparing these figures, while it could not be argued that all the plots of I(D)/I(G) 
versus I(V)/I(G) were the same, the trends and scatter were such that no clear 
discriminating effect of elemental Fe, Fe containing minerals and quartz (SiO2) on the 
sp2–sp3 bonding could be observed. This was surprising, particularly with respect to 
elemental Fe, Fe containing minerals and quartz (SiO2) reactivity effects reported in the 
literature [10, 29, 56, 59, 96, 180, 183-187] and the reactivity results of this study 
shown in the Results section 4.5. In both the literature [10, 29, 56, 59, 96, 180, 183-187] 
and measurements made in this study, the reactivity was shown to be significantly 
affected by the mineral addition.  
 
The effects of elemental Fe, Fe as oxides in the form of magnetite (Fe3O4), enstatite 
ferroan (Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2], 
and quartz (SiO2) on carbon bonding will be further analysed and discussed in detail in 
Chapters 6, 9 and 10.  
 
Summary of main points 
• The coke analogue sp2 bonding and sp2–sp3 bonding characteristics, while 
overlapping with metallurgical coke, covers a wider range/broader than that of 
metallurgical coke.  
• The carbon bonding as assessed by I(D)/I(G) versus I(V)/I(G) plots is not 





5.1.4.  Coke analogue reactivity in CO2    
In this section the focus is “how representative of metallurgical coke reactivity is the 
coke analogue reactivity?” A general discussion regarding the reaction kinetics of the 
coke analogue and metallurgical coke is also considered. A more detailed analysis of the 
effects of minerals on reactivity will be dealt with in later chapters (Chapter 7, 8, 9 and 
10). 
 
The reactivity of the coke analogue in CO2 was characterised using a large sample 
TGA. Approximately 8g of the analogue was reacted in a 100% CO2 atmosphere,  
similar in principle to the commonly used NSC reactivity test (CRI and CSR) [220]. 
This is expected to allow the coke analogue reactivity testing to be put in the context of 
many other metallurgical coke studies, and facilitate comparison of the coke analogue 
reaction behaviour with metallurgical coke [3, 11, 21, 70, 108, 120, 179, 186, 188, 220-
223].  
 
All the coke analogue results show similar reaction behaviour in CO2 (as expressed as 
FWC with time in Figures 4-43 to 4-52). A more negative FWC indicates a more 
reactive coke or coke analogue. The reactivity increased with increasing temperature.  
 
A comparison of the reactivity of the base coke analogue (FWC at 2 hours is –0.62 or 
62%) and the reactivity of metallurgical cokes (CRI values 15%–80%) [3, 21, 179, 188, 
221, 224, 225] suggests that the coke analogue is typical of highly reactive cokes. Also, 
the coke analogue is more reactive in CO2 than the metallurgical coke used in this study 
(see Figure 5-5 produced using Figure 4-43 (for base coke analogue) and 4-53 (for 
metallurgical coke)). The metallurgical coke used in this study has been reported to be a 
low reactivity coke, with previous study showing both low FWC value of -0.23 at 













Figure 5-5: The FWC versus time curves with temperatures of samples reacted in CO2 
for 2 hours. (a) base coke analogue and (b) metallurgical coke used in this study. 
 
In terms of trend with time and the effects of temperature, the kinetics of reactivity of 
the analogue is in general similar to that of the metallurgical coke measured in this 
study and metallurgical coke reported in the literature [11, 21, 77, 196, 222].    
 
Further, the reactivity of the coke analogue is more controlled and reproducible relative 
to metallurgical coke (see Figure 5-6 reproduced from Figure 2-24 [11] (for 
metallurgical coke) and 3-31 (for analogue)). The metallurgical coke samples were 








Figure 5-6: The FWC versus time curves of samples reacted in CO2 at 1100°C. (a) base 
coke analogue and (b) metallurgical coke [11]. The base coke analogue (1) and (2) are 





















































Summary of main points 
• The kinetics of the reactivity of the coke analogue is similar to metallurgical 
coke both in terms of trend with time and the effects of temperature.  
• The reactivity of the coke analogue is highly reproducible. 
 
 
5.1.5. General mechanism of reaction of the coke analogue in CO2  
Walker et al. [181] developed a general approach for establishing the rate controlling 
mechanism of metallurgical coke with temperature. This is a standard approach used by 
many researchers to study metallurgical coke [15, 60, 77, 190, 192, 196] and detailed in 
the literature review (section 2.3).  
 
An Arrhenius approach (see equation 2-24, and reproduced in the following text) is used 






ek=R             
From a plot of ln RC against 1/T, it is possible to define three distinct reaction zones, as 










An ideal representation of three zones of coke reactivity in CO2 with temperature [181], 













between II and III 
Intermediate zone 
between I and II 




The zones I, II and III are the chemical reaction control regime, mixed control regime 
(both chemical reaction and pore diffusion control) and gas phase mass transfer control 
regime respectively.  
 
The application of the Walker et al’s [181] Arrhenius approach to the coke analogue 
may be a useful method to assess the analogue’s coke–like characteristics. The FWC 
measurement, detailed in section 3.3.3 of the experimental chapter, has been carried out 
so that the measurement is independent of gas flow and should not be controlled by gas 
phase mass transfer. Therefore we should only expect the coke analogue to show zones 
I and zone II. 
 










Figure 5-7: The plot of ln RC against 1/T for base coke analogue reacted in CO2 with 
temperature and showing reaction zones.  
 
From comparison of Figure 5-7 with 2-17, it appears that the coke analogue does show 
similar reaction behaviour to metallurgical coke [176, 181]. From the ln RC versus 1/T 
analysis, the base coke analogue does have zones I and II. Figure 5-7 is typical of other 
materials tested. Full details of the other analogues ln RC versus 1/T behaviour are given 






















Zone I Zone II 
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Comparison of the activation energy with previous study   
Much of the published work on coke reactivity in CO2 has been carried out in zone I. A 
comparison of the coke analogue with the literature data on coke in zone I is given in 
Figure 5-8 [15, 60, 77, 192, 196].  
 
Figure 5-8:  A comparison of ln RC in zone I for base coke analogue and cokes. 
 
From Figure 5-8, it can be seen that coke analogue has similar reaction behaviour to 
metallurgical coke. A comparison of the zones I and II activation energies of the base 
coke analogue with cokes, char and activated carbon reacted in CO2 are given in Table 
5-3. No activation energies were reported for zone II of metallurgical coke. To facilitate 
a comparison with the analogue, data for zone II for char and activated carbon have 
been included.  
 
 
Table 5-3:  The activation energies of the base coke analogue and cokes reacted in 
CO2.  




















Aderibigbe and Szekely [77]
Zou et al. [196]
Malekshahian and Hill [192]
Coke analogues and coke  Activation energies (kJ.mol-1) 
Zone I Zone II 
Base coke analogue  273.6±0.5 55.9±0.4 
Metallurgical coke [60] 222–266  – 
Metallurgical coke [77] 249±47  – 
Petroleum coke [196] 198  – 
Petroleum coke [192] 260±24 – 
Char [193] 174 95 
Activated carbon [195] 200 40 
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The zone I activation energy of the base coke analogue is close to the activation 
energies of cokes (Table 5-3). Also, the zone II value of the analogue is of a similar 
order of magnitude to those of char and activated carbon.    
 
The activation energy values in zone I, the chemical reaction controlled region, are 
associated with bond breaking and bond formation [255]. Therefore, the similarity of 
the activation energies of the coke analogues and cokes suggest that they both follow 
the same reaction mechanism for reaction in CO2. This is consistent with the suggestion 
that the coke analogue has both carbon microstructure and carbon bonding that is 
representative of coke (as discussed previously in section 5.1.2 and 5.1.3 respectively).   
 
Given that the starting mixture for the coke analogue contains approximately 50% by 
mass graphite, it might be expected that the activation energy for zone I for the coke 
analogue would be similar or close to graphite. The activation energy for graphite is 305 
kJ.mol-1 [194]. This is significantly higher than that for the coke analogues. From these 
activation energies, it can be concluded that the coke analogue reactivity in CO2 more 
replicates coke than graphite.  
 
Summary of how representative of metallurgical coke is the coke analogue?     
A summary of the findings of how representative of metallurgical coke is the coke 
analogue from the different perspectives tested (porosity, pore size distribution, 3D pore 
interconnectivity, microstructure (carbon and mineral phase), carbon bonding (I(D)/I(G) 
and I(V)/I(G)), reactivity in CO2 and zone I activation energy of reaction) is given in 















Porosity (%) 29.3±2.3 24.7–37.5 (this 
study) 
 
35.0–70.0 [2, 5, 11, 
165] 
Similar but highly 




Majority in the 
10–100µm 
diameter range 
Highly variable Coke analogue porosity 
distribution overlaps with 
that of metallurgical coke. 
3D pore 
interconnectivity 
Pores are highly 
interconnected  
Pores are highly 
interconnected 
Coke analogue is similar 




grain is similar 
in character to 
RMDC, and 
(2) Carbonised 




RMDC and IMDC The coke analogue had a 
simpler but similar 




(1) Simple and 
homogenous  
mineralogy, and  
(2) well defined 





(1) Complex and 
heterogeneous 
mineralogy, and  
(2) highly variable in 
terms of particle 
size, morphology 
and dispersion 
The mineral phase in the 
analogue is less complex 
than that found in 
metallurgical coke and key 
mineral properties are 
more controlled than 




0.16–1.55  1.16–1.45  The bonding in the 
analogue covers a greater 
range than that of 
metallurgical coke, which 




0–0.41  0.38–0.62  
Reactivity in CO2 Reproducible 
and well 
controlled 
Highly variable The reactivity trends with 
time and temperature of 
the analogue and 
metallurgical coke are 
similar but the analogue 
reactivity has a greater 
repeatability.  
Zone I activation 
energy (kJ.mol-1) 
273.6±0.5 216–266 [60, 190] The activation energy of 
the analogue for zone I is 
comparable with that of 




From a number of perspectives it would appear that the coke analogue is similar to 
metallurgical coke. It is also highly controllable with respect to porosity, mineralogy, 
mineral dispersion throughout the coke analogue and reactivity in CO2. This similarity 
and controllability should allow the testing and evaluation of the specific effects of 
metallic/elemental Fe and minerals on the carbon bonding and reactivity of the coke 










6. Effects of elemental Fe and Fe added as Fe3O4 on sp2–sp3 carbon 
bonding at the Fe–carbon interface  
The effects of elemental Fe and Fe added as readily reducible Fe3O4 on both sp2–sp3 
bonding in the coke analogue is discussed in this chapter.  
 
Surface effect versus bulk effect on sp2–sp3 bonding   
As discussed previously in section 5.1.3, elemental Fe and Fe added as Fe3O4 had no 
clear discriminating effect on the sp2–sp3 bonding in the coke analogue as characterised 
with I(D)/I(G) versus I(V)/I(G) approach (see Figures 4-18(a) to 4-21(a)). This result was 
surprising as it is widely reported [12, 16, 96, 97, 176, 187] that Fe increases reactivity 
of metallurgical coke in CO2. This is often argued as a catalysing effect whereby 
elemental Fe promote graphitisation (increase sp2 bonding) and hence reactivity [4, 7, 
10, 25, 26, 29, 30, 32, 33, 38, 40, 41, 43, 45-49, 52, 56, 59, 84, 96, 149-152, 180, 183-
187]. In contrast to the carbon bonding results, the FWC results of this study shown in 
Figures 4-44 to 4-49, indicate that Fe and Fe containing minerals increased the 
reactivity of the coke analogue in CO2. It may be that the catalytic effect is local to the 
Fe/mineral–coke analogue interface and is not observed in the “bulk” Raman 
assessment detailed in section 5.1.3.   
 
To test this effect, measurements were made of the I(V)/I(G) near the Fe/mineral–coke 
analogue interface, radiating out from the interface (see Figures 4-18(c, d) to 4-21(c, 
d)). This I(V)/I(G) approach was used as other researchers [18, 115, 123, 133] have found 
it is more sensitive to changes in sp2–sp3 bonding than the I(D)/I(G) versus I(V)/I(G) 
approach. It also allows convenient testing of proximity or position effects in the coke 
analogue.  
 
To aid the analysis, Figures 4-18(c) to 4-21(c) have been amended to show the sp2 
bonding range of graphite. This bonding range is based on the literature values [44, 123] 
and measurements made in this study (Figure 4-16). These amended graphs are given in 




































Figure 6-1: An illustration of sp2–sp3 bonding around particle in coke analogues. The 
hashed area is representative of the range of sp2 bonding. (a) coke analogue–Fe 5µm, 














0.5µm from metallic iron–coke analogue interface













0.5µm from metallic iron–coke analogue interface













0.5µm from metallic iron–coke analogue interface













0.5µm from iron–coke analogue interface







From Figure 6-1(a) to (d), the localised effects of elemental Fe and Fe added as Fe3O4 
on the sp2–sp3 bonding are summarised in Table 6-1.  
 
Table 6-1:  The localised effects of elemental Fe and Fe added as Fe3O4 on sp2–sp3 
bonding 
Elemental Fe and 
Fe added as Fe3O4 
Increased sp2 bonding character 
at or near the interface 
Comments 
Fe 5µm Yes - 
Fe 46µm Yes - 
Fe 83µm Yes - 
Fe3O4 46µm Yes Note, Fe3O4 is reduced to Fe 
on firing of the coke 
analogue.  
 
The bonding values are very 
similar to that of the Fe 
addition.  
‘Yes’ indicates that sp2 bonding was found to increase at the Fe–coke analogue 
interface.  
 
The I(V)/I(G) approach confirms that when Fe is added in its elemental form or in a 
readily reduced form such as Fe3O4 it does cause an increase in sp2 bonding 
(graphitisation) albeit local to the Fe–coke analogue carbon interface. This is consistent 
with what Wang et al. [26] observed in metallurgical coke impregnated with Fe.  
 
As mentioned previously, it is well known that Fe promotes graphitisation. Often this is 
explained in terms of carbon dissolving into Fe at temperature and precipitating carbon 
in the form of graphite on cooling [26, 30, 39, 151]. During the production of the coke 
analogues prepared with Fe and Fe3O4, the coke analogue was fired at 1200°C and held 
at this temperature for 1 hour. Based on what other researchers have reported [22, 24-
26, 30, 39, 84, 85, 97, 151, 156, 215], it would be expected that the Fe should pick up 
carbon. To assess this, two experiments were carried out using analogues containing 
large pieces of iron (see experimental section 3.2.10). It was found that the carbon level 
in the Fe increased from 0.06 mass% to 1.72 mass% (see Table 4-21). The carbon level 
in the Fe (1.72 mass%) is well above the saturation level of α-Fe at room temperature.  
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According to the Fe–C equilibrium phase diagram (Figure 6-2) [99], at the coke 
analogue firing temperature of 1200°C, the possible stable phase fields are γ-Fe (a solid 
solution of carbon in face centered cubic iron), liquid Fe + γ-Fe, liquid Fe or graphite + 
liquid Fe. The likelihood of having a liquid Fe phase (at 1200°C) was in part supported 
by the detailed microscopy analysis (Figures 4-3 to 4-5 and III-3 to III-5). Both the Fe 
and Fe3O4 additions show signs of being liquid Fe with a more rounded morphology 
than the original particles added to the coke analogue (see Figure 3-1(a–d) for the 









Figure 6-2: The MTDATA output of Fe–C binary system with temperature [99]. 
 
Upon cooling to room temperature, the stable phase is expected to be graphite + α-Fe (a 
solid solution of carbon in body centered cubic iron). It is possible for carbon to diffuse 
from the Fe on cooling (the cooling rate was 10°C/min) to form a graphite layer. The α-
Fe was confirmed by XRD at room temperature of approximately 25°C (see Figures II-2 
to II-4). Further evidence in support of carbon pick up comes from the microscopy 
analysis of coke analogue materials prepared with Fe and Fe3O4 (Figures 4-3, 4-4, III-3 
to III-5). Graphite flakes were observed within the particles. The graphite flakes are 
only possible within the particle if carbon has been dissolved in the Fe. 
 
Graphite + α-Fe 
Graphite + γ-Fe 
Liquid Fe 
Liquid Fe + γ-Fe Graphite + Liquid Fe 
γ-Fe 
α-Fe 
α-Fe + γ-Fe 
σ-Fe + γ-Fe 
σ-Fe 
Liquid Fe + σ-Fe 
1% C 5% C 4% C 3% C 2% C 
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Experimental observations (microscopy, Raman and LECO) indicate that Fe (both in its 
elemental form and in a readily reduced form of Fe3O4) promotes sp2 bonding. This is 
best explained in terms of graphitisation caused by dissolution of carbon into Fe during 
firing at 1200°C followed by precipitation of carbon from Fe during cooling. This 
finding is broadly consistent with the literature [26, 30, 39, 151]. 
 
Summary of main points 
• The Fe added as elemental Fe and readily reducible Fe3O4 promotes sp2 bonding 
character locally near the Fe–carbon interface. 
• There was evidence of carbon pick up by the Fe with the carbon level in the Fe 
increased from 0.6 mass% to 1.72% and graphite flakes around the particles 








7. Effects of elemental Fe and Fe added as Fe3O4 particle surface area 
on reaction rate  
The effects of the particle surface area of elemental Fe and Fe added as readily 
reducible Fe3O4 on the reactivity of the coke analogue is discussed in this chapter.  
 
The addition of elemental Fe and Fe added as Fe3O4 to the coke analogue increased the 
reactivity of the coke analogue in CO2 relative to the base coke analogue. The reaction 
mechanism of coke or coke analogue in CO2 has often been separated into two steps 




2(g)f CO  +  C(O)   ←
→
CO   + C
1
1
         
(g)
j
CO   →    C(O)
3
          
The reaction 2-16 is the rate controlling step assuming the concentration of the CO2 gas 
inside and outside the coke and coke analogue is uniform [174]. An increase in the 
amount of the active carbon sites (Cf in reaction 2-15) will have the effect of increasing 
reactivity of coke. This is likely to be true also for the coke analogue. The amounts of 
active carbon sites are known to be strongly affected by the presence of Fe in coke. This 
would be expected to be a function of Fe particle size, chemical state or phase, amount 
and total surface area [44, 56, 96, 97, 178, 186, 188, 203]. That is, though the primary 
reaction under investigation is CO2 with carbon, the fact that carbon reactivity is 
affected by Fe through increased Cf, it can be expected that the rate of reaction would 
be, at least in part, proportional to the contact area of carbon with Fe.  
 
7.1. Testing for the effect of particle surface area of Fe and Fe3O4 on 
coke analogue reactivity  
In order to test the effect of contact area on reaction rate, three series of experiments 
were carried out.  
Series 1: The size of the Fe particles added to the analogue was varied. For a 
constant mass of addition, this results in a change in surface area of the particles. See 
Figure 7-1(a) and 7-1(b) showing the change in FWC at 950°C and 1100°C respectively 
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for Fe particles 5μm, 46μm and 83μm. Though limited data sets are available for other 
temperatures, the data are consistent with Figure 7-1(a) and (b). A full set of data are 
given in Appendix VII).   
Series 2: The amount of the Fe particles added to the analogue was varied for a 
constant particle size range. This would result in a change in the contact area of the 
particles. These data are also shown in Figure 7-1(a) and 7-1(b) for 46μm particle 
addition. The (I) denotes higher mass of Fe addition.    
Series 3: Similar to series 2, two mass levels of magnetite (Fe3O4) have been used 
at a constant particle size range. These data are shown in Figure 7-2(a) and 7-2(b), the 









Figure 7-1: The FWC versus time of the base coke analogue and coke analogues 
prepared with metallic iron (Fe) reacted in CO2 at different temperatures. (a) 950°C and 








Figure 7-2: The FWC versus time of the base coke analogue and coke analogues 
prepared with magnetite (Fe3O4) reacted in CO2 at different temperatures. (a) 950°C and 





















































From Figures 7-1 and 7-2, it can be seen that reducing the particle size of Fe, increasing 
the mass addition of the Fe and increasing the mass addition of the Fe3O4 all resulted in 
an increased reaction rate (more negative FWC). Both smaller particle sizes and 
increasing mass will result in an increased surface area of Fe. Therefore the results from 
these figures are consistent with what might be expected with increased contact area 
effects on an heterogeneous reaction, that is, increased contact area of reagents 
increasing the rate of reaction.   
 
In an attempt to be more quantitative about this particle surface area effect, the 
following approach was adopted. The total surface area of elemental Fe and Fe added as 
Fe3O4 used to make the coke analogue was calculated using the known mass and density 
of the elemental Fe and magnetite (Fe3O4). Assuming the mean of the particle size range 
can be used to characterise the particle diameter and approximating the particles to a 
sphere, the surface area of the particles can be calculated. Details of the surface area 
calculation for the analogue are given in Table 7-1. 
  
Table 7-1: The total surface area of elemental Fe and magnetite (Fe3O4) based on average particle size 







































































Total surface area 








Fe 5µm <10 5 0.10 4.74 7.87 [93] 0.00655 0.0785 0.60 919.86 0.72 0.90 
Fe 46µm 38–53 45.5 0.10 4.74 7.87 [93] 4.93 6.51 0.60 1.22 0.08 0.10 
Fe 46µm (I) 38–53 45.5 0.20 10.18 7.87 [93] 4.93 6.51 1.29 2.62 0.17 0.21 
Fe 83µm 75–90 82.5 0.10 4.74 7.87 [93] 29.4 21.3 0.60 0.20 0.04 0.05 
Fe3O4 46µm 38–53 45.5 0.10 5.17 5.17 [93] 4.93 6.51 1.29 2.62 – – 
Equivalent Fe in Fe3O4 46µm+ – 35.5 – 4.84 7.87 [93] 2.35 3.96 0.62 2.62 0.10 0.13 
Fe3O4 46µm (I) 38–53 45.5 0.16 10.98 5.17 [93] 4.93 6.51 2.12 4.31 – – 
Equivalent Fe in Fe3O4 46µm (I) + – 35.5 – 7.95 7.87 [93] 2.35 3.96 1.01 4.31 0.17 0.21 
+The total surface area has been corrected to compensate for the reduction of Fe3O4 as green addition to Fe after the firing process and assuming no 




Fe in its elemental form 
To test for the effect of elemental Fe on the reactivity of the coke analogue in CO2, a 
plot of FWC versus total surface area of Fe (Figure 7-3(a)) and a plot of RC versus total 
surface area of Fe (Figure 7-3(b)) were used. The plots show data sets at two different 









Figure 7-3: (a) A plot of FWC versus total surface area of elemental Fe with 
temperatures (950°C and 1100°C). The curves are 2nd order polynomial fits of the data. 
(b) A plot of RC versus total surface area of elemental Fe with temperatures (950°C and 
1100°C). The straight lines are linear fits of the data. 
 
Inspection of Figure 7-3(a) and 7-3(b) shows that the reactivity as expressed by FWC 
(Figure 7-3(a)) has a non-linear behaviour with particle surface area, while the reactivity 
as expressed by RC (Figure 7-3(b)) has a linear relationship with particle surface area. 
Though limited data sets are available for the other temperatures, the data are consistent 
with Figure 7-3(a) and (b). A full set of data are given in Appendix VII.  
 
The difference in trends of FWC and RC with particle surface area likely relate to the 
fact that RC represents the early part of the analogue reaction (~10 minutes) and FWC 
all of the reaction over 2 hours. At the longer reaction times, it can be expected that 
there would be degradation of the analogue with respect to geometry. This would affect 
both the contact area of the carbon with CO2 and that of carbon with the particle. The 
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Therefore it is likely the RC versus particle surface area is a more robust representation 
of the particle contact area effect and has been used in subsequent analysis.  
   
Elemental Fe versus Fe from readily reducible Fe3O4 
This comparison is being carried out to establish the effects of elemental Fe and Fe 
added as Fe3O4 on the RC of the coke analogue. A plot of RC versus the total surface 
area of Fe (both as elemental Fe and Fe from reduced Fe3O4) at two different 







Figure 7-4: A plot of RC versus total surface area of Fe (both as elemental Fe and Fe 
from reduced Fe3O4). The straight lines are linear fits of the data. (a) 950°C and (b) 
1100°C. 
 
From Figure 7-4 it can be seen that the effect of Fe from reduced Fe3O4 is different 
relative to Fe added in its elemental form, that is, the RC for Fe from reduced Fe3O4 is 
significantly higher. In order to understand the behaviour of elemental Fe and Fe added 
as Fe3O4 on reactivity, four key observations (or results) of this study were considered 
as the baseline to identify why Fe3O4 is different relative to Fe. The observations are, 
 
Initial porosity: As discussed previously in section 5.1.1, the initial porosity of all the 
coke analogues tested in this study is fixed and controlled (29.3% ± 2.3% for base, 
31.9% for Fe 46µm, 31.4% for Fe 46µm (I), 29.7% for Fe3O4 46µm and 30.7% for 
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elemental Fe and Fe added as Fe3O4 suggest that the initial porosity is not significant a 
factor in the differences in reactivities of the coke analogues. 
 
Localised graphitisation: As discussed previously in Chapter 6, both elemental Fe and 
Fe added as Fe3O4 increased sp2 bonding in the carbon (as a localised effect). As the 
carbon bonding characters are very similar for both forms of Fe additions there are no 
clear differences in the sp2 bonding. This may suggest that localised graphitisation is not 
a factor in the differences in reactivities of the coke analogues.   
 
Concentration of additions (0.1 mol per 100g of C): On the basis of the concentration 
of the Fe and Fe3O4 added to the analogue, the mol cation of the additions were similar 
for both Fe 46µm and Fe3O4 46µm. This may suggest that concentration of additions is 
not a factor for the significant differences in reactivities of the coke analogues.   
 
Particle surface area in the analogue (0.21m2 per 100g C): On the basis of the total 
particle surface area in the coke analogue and with an assumption that all the particles 
are in close contact with coke analogue carbon, the particle surface area were similar for 
both Fe 46µm (I) and Fe added as Fe3O4 46µm (I). This may suggest that similar 
particle surface area is not a factor for the significant differences in reactivities of the 
coke analogues.   
 
An alternative hypothesis may be that Fe from readily reducible magnetite (Fe3O4) is 
creating more active carbon sites relative to the Fe added as elemental Fe, that is, the 
reduced Fe from Fe3O4 increased reactivity more than elemental Fe because it created 
more active carbon sites. This is an issue that should be followed up in future research. 
Summary of main points 
• The addition of Fe (both elemental Fe and Fe added as Fe3O4) to coke analogue 
increases RC and is a function of the Fe–coke analogue contact area. 
• The effect of adding Fe initially in the form of Fe3O4 on reactivity is greater than 
that of elemental Fe. 
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8. Assessment of kinetic mechanisms for elemental Fe and Fe added as 
Fe3O4 effects on coke analogue reaction 
This is being carried out to establish the possible kinetic mechanisms for the effect of Fe 
(both elemental Fe and Fe added as Fe3O4) on the reactivity of the coke analogue. 
 
The previously suggested mechanisms in the literature for the catalytic effects of 
minerals and metals on reactivity of metallurgical coke and coal in CO2 are [10, 44, 70, 
82, 96, 97, 104, 116, 146, 147, 200-202, 204-207], 
1. dissolution of carbon into Fe,  
2. CO2 gas dissociating on Fe surface, 
3. redox reaction involving Fe and CO2,  
4. transfer of electrons from carbon into Fe, and  
5. intercalation.  
As mentioned previously in section 7-1, elemental Fe and Fe added as Fe3O4 increased 
the reactivity of the coke analogue. This increase appears to be a function of the particle 
surface area, with a linear relationship between RC and particle surface area. In an 
attempt to fully understand the effects of Fe added as elemental Fe and Fe3O4 on the 
reactivity of the coke analogue, the experimental observations and results of this study 
will be discussed in the context of these mechanisms (1 to 5). A summary of the 
possible mechanisms and comments on experimental observations that support the 









Table 8-1:  A summary of the possible mechanisms and comments on experimental 
observations that support the mechanisms 
Mechanisms Elemental Fe and 
Fe added as Fe3O4 
Comments on experimental observations 
Fe Fe3O4* 
Dissolution of 
carbon into Fe 
Yes Yes (1) Localised graphitisation (Raman 
measurement),  
(2) Fe picking up carbon (LECO 
measurement), and 
(3) Graphite flakes within the Fe particles 
(microscopy analysis) are consistent with 
this mechanism 
CO2 gas 
dissociating on Fe 
surface 
Yes Yes Removal of carbon from the Fe (LECO 
measurement) is consistent with this 
mechanism 
Redox reaction 
involving Fe and 
CO2, and iron 
oxide and carbon 
Yes Yes (1) Observation of iron oxides around Fe 
particle, when the Fe particle is not in 
close contact with carbon (microscopy 
analysis), and  
(2) Observation of iron oxide post 
experimental (XRD analysis) are 
consistent with this mechanism 
Transfer of  
Electrons from 
carbon into Fe 
Yes Yes This mechanism can be viewed as another 
way of forming active carbon sites around 
Fe–carbon interface 
Intercalation No No No broadening of the (002) carbon peak 
(XRD analysis) indicates that intercalation 
did not occur with Fe and mineral 
addition. 
Yes means experimental results are consistent with the mechanism 
No means experimental results are not consistent with the mechanism 




8.1.  Carbon dissolution into Fe  
In this mechanism carbon dissolves into Fe [152, 154, 201, 202, 208, 215, 216]. When 
carbon dissolves into Fe, carbon–carbon bonds at the Fe–carbon interface in the coke 
analogue are weakened. The weakened carbon–carbon bonds increase the number of 
active carbon sites (Cf in equation 2-15, reproduced in the following text with equation 
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Figure 8-1: An illustration of carbon dissolution mechanism of elemental Fe and 
readily reducible Fe3O4 catalysed reaction of the coke analogue (modified from Tomita 
[207]).   
 
In order to test whether this mechanism applies to the elemental Fe and readily 
reducible Fe3O4 added to the coke analogue, Raman, LECO and microscopy results 
were used as reference points. 
 
The Raman results of this study indicated Fe (both elemental Fe and Fe added as Fe3O4) 
promoted localised graphitisation (see Figure 6-1). This is best explained in terms of 
graphitisation caused by dissolution of carbon into Fe during firing at temperature 
followed by precipitation of carbon from Fe during cooling. At the reaction temperature, 
it is expected that some of the precipitated carbon would diffuse back into the Fe 
forming new active sites at the Fe–carbon interface in the coke analogue [44, 176, 181].    
 
The Raman result is complemented with LECO measurements and microscopy (SEM 





carbon (the carbon level increased from 0.06 mass% to 1.72 mass%, see Table 4-21). 
Microscopy analysis (SEM and optical) provided further evidence in support of carbon 
pick up in coke analogue materials prepared with Fe and Fe3O4 (Figures 4-3, 4-4, III-3 
to III-5). Graphite flakes were observed within the Fe particles. The increase in the 
carbon level in the Fe and observation of graphite flakes within the Fe particles are only 
possible if carbon had dissolved into the Fe. 
  
Detailed non-polarised optical micrographs showing preferential loss of carbon around 
Fe particles in coke analogue–Fe 46µm are given in Figures III-14, III-15, III-20 and 
III-21. The samples were reacted at two different temperatures of 950°C and 1025°C for 
only 1 hour to ensure its initial cylindrical shape was maintained. That is, this was 
carried out for 1 hour to avoid the sample breaking up on transferring from the furnace 
alumina pedestal to sample container at 1025°C (see detailed post experimental 
dimensional observation captured in Table 4-20). A comparison of the unreacted and 
reacted coke analogue samples are given in Figure 8-2(a) and 8-2(b) respectively. 










































































































































































































































































































































From a comparison of Figure 8-2(a) showing the unreacted sample with Figure 8-2(b) 
for the reacted sample, it can be seen that there was preferential loss of carbon around 
the Fe particles. This may suggest that there were more active carbon sites localised 
around the Fe particles.  
 
The carbon dissolution mechanism is best explained as carbon diffusing into Fe at the 
reaction temperatures (900°C to 1350°C) to create active carbon sites, Cf, in the coke 
analogue carbon (Fe–carbon interface). This mechanism would probably be more 
favoured at low temperatures, that is, zone I where the CO2 gas concentration is uniform 
throughout the bulk of the coke analogue and is equal to the concentration of the gas 
phase [15, 44, 77, 175, 181]. This proposition appears to be consistent with the RC plots 
given in Figures 7-3(b) and 7-4, where RC is linearly proportional to the Fe particle 
surface area.  
  
8.2.  CO2 gas dissociating on Fe surface  
This mechanism involves CO2 gas dissociating on the Fe surface to form CO gas and 
absorbed oxygen atoms. These absorbed oxygen atoms can then react with the active 
carbon sites at the Fe–carbon interface, and can also spill over from the Fe surface to 
find an active carbon site [44, 97, 178, 199-201, 205, 206, 210-213]. An illustration of 
this mechanism is given in Figure 8-2. 
 





Figure 8-3: An illustration of CO2 dissociation mechanism of elemental Fe and readily 








In addition, at the reaction temperature, the dissolved carbon in the Fe is expected to 
react with CO2 gas to form CO gas freeing the Fe surface of absorbed oxygen. This 
removal of carbon from the Fe regenerates the catalytic ability of the Fe. Under such 
circumstances, the Fe is able to continually dissociate CO2 gas [215].  
 
This is expected to maintain the increased reactivity in coke analogue containing Fe 
particles compared to the coke analogue containing no Fe particles (the base coke 
analogue). This is also consistent with the preferential loss of carbon around the Fe 
particles shown in Figure 8-2(b) above (see detailed micrographs in Figures III-14, III-
15, III-20 and III-21).   
 
The measurement of lower carbon levels in the Fe post reactivity testing of the coke 
analogue relative to pre reactivity testing has shown that the carbon in the Fe reacts with 
CO2. The carbon levels in the Fe (1.72 mass% pre reaction) were lowered to 0.46 
mass% and 0.48 mass% after reaction at 950°C and 1025°C respectively (see detailed 
assessment in Appendix V).  
     
 
8.3.  Redox reaction 
The redox reaction mechanism suggests that Fe reacts with CO2, yielding an iron oxide 
and CO, followed by a reaction between the iron oxide and carbon to give CO and Fe 
[200, 212, 213]. The Fe and CO2 reaction is a gas–solid reaction vital for Fe oxidation, 
while the iron oxide and carbon reaction are needed for the transfer of oxygen to the 
carbon surface to form CO. Also, the Fe is continuously renewed. Maintaining Fe in its 
metallic form is crucial for continuous redox cycle. It would be expected that when Fe is 
not in close contact with carbon surface, there is the possibility that the Fe would react 




In order to test whether redox reactions involving Fe and CO2, and iron oxide and 
carbon could occur at the high temperatures used in this study, thermodynamic 
calculations (∆G, equation 8-1) of reactions (8-2) to (8-7) over a range of temperatures 
were considered (see Figure 8-4).  
 
RTlnQ+ΔG°=ΔG          8-1 
-1
(g)(s)2(s)(s) J.mol 22.41T-20100=ΔG°                CO+FeO→CO+Fe  [63, 64] 8-2 
-1
(g)(s)(s)(s) J.mol 148.35T-145200=ΔG°                   CO+Fe→C+FeO  [63, 64] 8-3 
-1
(g)4(s)32(g)(s) J.mol 27.09T-27740=ΔG°      4CO+OFe→4CO+3Fe  [63, 64] 8-4 
-1
(g)(s)(s)4(s)3 J.mol 655.95T-633460=ΔG°           4CO+3Fe→4C+OFe  [63, 64]  8-5 
-1
(g)3(s)22(g)(s) J.mol 0.88T-28580=ΔG°      3CO+OFe→3CO+2Fe  [63, 64] 8-6 
-1
(g)(s)(s)3(s)2 J.mol 511.40T-467320=ΔG°           3CO+2Fe→3C+OFe  [63, 64] 8-7 
 
The relationship between the reactants (partial pressure and activity) and the products 
(partial pressure and activity), and the reaction quotient Q in reactions (8-2) to (8-7) are 















Table 8-2: The reaction quotient Q in reactions (8-2) to (8-7) 









































In Table 8-2 the values of a<Fe>, a<FeO>, a<Fe2O3>, a<Fe3O4> and a<C> were assumed to be 1.  
The <C> reference state is pure graphite standard state. The pCO2 and pCO values over 
the temperature range were obtained from Figure IV-1 (see detailed calculation in 







































From Figure 8-4, it can be seen that the oxide formation reactions (Reaction 8-2, 8-4 
and 8-6) and the reduction of the iron oxides by carbon (Reaction 8-3, 8-5 and 8-7) are 
thermodynamically possible (∆G < 0). Due to the excess of carbon available at the early 
stage of the reactivity experiment, there is a lower probability that CO2 gas would come 
in contact with Fe to oxidised the Fe via reactions 8-2, 8-4 and 8-6.  When significant 
amounts of carbon have been reacted or removed from the analogue and the Fe is 
exposed to direct contact with CO2, the oxidation of Fe with CO2 could occur. From the 
thermodynamic analysis, the most likely oxidation product is Fe3O4 (Reaction 8-4). All 
the possible iron oxide products (Fe3O4, Fe2O3 and FeO) considered are reducible if 
they come in contact with coke analogue carbon. In this case, the iron oxide acts as an 
oxygen carrier to carbon surface to maintain the catalytic action of Fe. This is also 
consistent with the preferential loss of carbon around the Fe particles shown in Figure 8-
2(b) above (see detailed micrographs in Figures III-14, III-15, III-20 and III-21).  
 
Experimental observations (microscopy and XRD) indicate that the Fe (both in its 
elemental form and in a readily reduced form such as Fe3O4) reacts with CO2 to form 
iron oxides (Fe2O3 and Fe3O4). The post-experimental XRD measurements of coke 
analogue–Fe 46μm and coke analogue–Fe3O4 46μm reacted at 1100°C for 2 hours 
indicated that only Fe2O3 and Fe3O4 phases were formed after reaction (see Figures II-3 
and II-4). This is most likely to occur when significant amounts of carbon have been 
reacted or removed from the coke analogue. The observations at the end of the 
experiment are captured in Table 4-20. It can be seen that at 1100°C the geometry of the 
reacted samples had been degraded indicating significant loss of carbon. The final FWC 
values of the analogues prepared with Fe 46μm and Fe3O4 46μm are -0.71 and -0.85 
respectively. The final FWC also indicates that most of the carbon had been reacted.  
 
The post-experimental microscopy of the external surface of coke analogue–Fe 46μm 
reacted at 1100°C for only 20 minutes also showed the formation of iron oxide (Fe2O3 
and Fe3O4) around the Fe particles. This occurred when the Fe particles were not in 
close contact with carbon (see Figures 4-12, 4-15 and Table 4-13). Further, after 
reaction for 1 hour at two different temperatures of 950°C and 1025°C dull reflection 
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thought to be iron oxides were observed closer to the external surface of the sample 
(Figures III-14, III-5, III-20, and III-21).   
 
The XRD and microscopy results of the post reacted coke analogues prepared with 
elemental Fe and Fe3O4 are broadly consistent with the redox reaction mechanism 
suggested for Fe catalysed reaction of metallurgical coke and coal in CO2 [44, 97, 178, 
199-201, 205, 206, 210-213, 215, 217], but they only occurred when significant 
amounts of carbon had been reacted. 
 
8.4. The transfer of electrons from carbon into Fe  
According to Long and Sykes [206, 217], the transfer of electrons from carbon into Fe 
would catalyse the reaction of carbon in CO2. The transfer of an electron from carbon to 
Fe (with the unfilled d-orbitals of Fe accepting electrons) results in a redistribution of π 
electrons in the carbon structure. This weakens the carbon–carbon bonds at the Fe–coke 
analogue carbon interface, with the weakened carbon–carbon bonds becoming active 
carbon sites (Cf) [44, 176, 181]. As before, an increase in Cf would increase the overall 
reaction of the coke analogue.  
 
8.5.  Intercalation 
Intercalation is when an element or species sits (intercalates) between the graphite 
layers in the carbon structure. The formation of intercalates can cause an expansion of 
the coke carbon matrix, increase stress, modify the coke surface area, weaken coke 
microstrength and weaken coke structure to increase the reaction rate [70, 82, 104, 116, 
146, 147]. 
 
In order to test for intercalation in this study, XRD data for coke analogues prepared 
with elemental Fe and magnetite (Fe3O4) were reviewed for evidence of intercalation. If 
there were significant intercalation taking place in the coke analogues, it would be 
observed in the broadening of the (002) carbon peak. A full width at half maximum 
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(FWHM) analysis of the (002) carbon peak was carried out. An example of the FWHM 







The XRD pattern of fired base coke analogue showing FWHM and position of the (002) 
carbon peak (see Figure 4-54).  
 
A comparison of the FWHM values for the coke analogues prepared with elemental Fe 
and magnetite (Fe3O4) with the base coke analogue are given in Table 8-3.  
 
Table 8-3:  The FWHM and position of (002) peak in coke analogues  
Coke analogue materials and graphite FWHM (°) Peak Position (°) 
Base 0.286 26.54 
Fe 5µm 0.226 26.56 
Fe 46µm 0.218 26.58 
Fe 83µm 0.240 26.54 
Fe3O4 46µm 0.248 26.56 
 
From Table 8-3 it can be seen that the FWHM values of the (002) carbon peak of all the 
coke analogues are relatively similar and if there is any trend, the FWHM is getting 
smaller with Fe and Fe3O4 additions. It appears that the elemental Fe and Fe added as 
Fe3O4 had no clear discriminating effect on the (002) carbon peak. There appears to be 
no intercalation effect of the Fe and Fe3O4 additions. This is also the same for all the 
other minerals tested (see Table 4-22). 
0













8.6. Activation energies of the reaction of the coke analogues prepared 
with elemental Fe and Fe added as Fe3O4 
The plots of ln RC against 1/T for all the materials tested are given in Appendix VI. The 
activation energy values for zones I and II, and the temperature at the point of 
intersection between the zones for base coke analogue and coke analogues prepared 
with elemental Fe and Fe3O4 are given in Table 8-4.  
 
Table 8-4:  The activation energy values for base coke analogue and coke analogues 
prepared with elemental Fe and readily reducible Fe3O4.  
- Reactivity not measured 
From Table 8-4 it appears that the zone I activation energy values for the coke 
analogues are within a close range (though Fe3O4 46μm is lower) to the activation 
energy values of the base coke analogue and cokes (Table 5-3). No significant change in 
the zone I activation energy values for the coke analogues, indicates that there is no 
change in the rate controlling mechanism for the reaction of the coke analogue in CO2. 
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Though there is no change in the rate controlling mechanism, there was increased 
reactivity with elemental Fe and Fe added as Fe3O4 additions relative to the base coke 
analogue. This is best explained as increase in the number of active carbon sites (Cf) due 
to the catalytic effect of Fe. This increase in Cf increased reactivity but it is not 
substantial enough to change the rate controlling mechanism.   







Base  273.6±0.5 ~1075 55.9±0.4 
Fe 5µm 276.9±0.5 - - 
Fe 46µm 289.8±0.5 ~1050 43.3±0.4 
Fe 83µm 287.7±0.5 - - 
Fe3O4 46µm 238.7±0.5 ~1025 30.7±0.4 
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This suggestion is broadly consistent with the Raman measurement were elemental Fe 
and Fe from readily reducible Fe3O4 did not have a clear discriminating effect on the 
“bulk” carbon bonding of the coke analogue as assessed by I(D)/I(G) versus I(V)/I(G) plots. 
This is also consistent with the literature on minerals and metals that only increased the 
number of active carbon sites (Cf) in coke [178, 198, 211]. 
 
Summary of main points 
• The addition of elemental Fe or Fe as Fe3O4 to the coke analogue increased 
reactivity relative to the base coke analogue by increasing the number of active 
carbon sites (Cf). 
• The primary effect of Fe on the reactivity is considered to be an increase in the 
amount of active carbon sites, possibly through the following mechanisms 
o Carbon dissolution into Fe, and 
o Transfer of electrons from carbon into Fe. 
• There are possible additional effects of Fe on reactivity relating to promotion of 
oxygen delivery to the active carbon sites that are consistent with the following 
mechanisms  
o Dissociation of CO2 on the Fe surface, and 
o A redox reaction between Fe and CO2 to form iron oxide and CO, 
followed by reduction of the iron oxide on reaction with carbon. 




9. The comparative effects of elemental Fe and quartz (SiO2) on 
reactivity of the coke analogue  
The comparative effect of elemental Fe and quartz (SiO2) on the reactivity of the coke 
analogue is discussed in this chapter.   
 
A comparison of the effect of quartz (SiO2) on the reactivity of the coke analogue 
relative to both coke analogue–Fe 46μm and base coke analogue is expressed as FWC 
plots at two different temperatures (see Figure 9-1). The two temperatures represent the 
lowest (900°C) and highest (1350°C) temperature points of the reactivity experiments. 
The trends of the reactivity data (speed of reaction) are consistent at all temperatures 







Figure 9-1: A comparison of the effects of elemental Fe and quartz (SiO2) on the 
reactivity of the coke analogue expressed as a plot of FWC versus time with 
temperature. (a) 900°C and (b) 1350°C.    
 
From Figure 9-1 it can be seen that reactivity increases with temperature, that is, with 
increasing temperature the FWC is more negative. Further, at the same temperature, it 
can be seen that elemental Fe increased reactivity relative to the base coke analogue 
while quartz decreased reactivity relative to the base coke analogue. The rate of the 

























As discussed previously in Chapters 7 and 8, elemental Fe was thought to both increase 
the number of active carbon sites in the analogue and promote oxygen delivery to the 
active carbon sites relative to the base coke analogue. The question would now be “how 
is quartz (SiO2) reducing reactivity”?  
 
In the coke literature [79, 89, 163, 168, 176, 186, 206, 218, 219], it was reported that 
some minerals (for example, aluminosilicates) reduced coke reactivity by covering the, 
• pores and pore walls of coke, and  
• coke surface.  
 
In order to test for the possible effects of quartz (SiO2) on the reactivity of the coke 
analogue, a number of measurements and analysis were carried out. The measurements 
and analysis were, 
1. carbon bonding using Raman spectroscopy,  
2. pore interconnectivity using neutron radiography (Dingo). 
To facilitate a better understanding of the effect of quartz on reactivity, the results of the 
measurements (1 and 2) were compared with that of elemental Fe.  
 
9.1. Effect of quartz on sp2–sp3 carbon bonding at the quartz–carbon interface 
This was carried out to assess the effect of quartz (SiO2) on the sp2–sp3 carbon bonding 
localised closer to the quartz–carbon interface, and by extension help to understand the 
effect of quartz (SiO2) on reactivity.  
 
As discussed previously in Chapter 5, elemental Fe and quartz (SiO2) had no clear 
discriminating effect on the sp2 and sp2–sp3 bonding of the coke analogue as 




The effect of elemental Fe on the sp2–sp3 bonding was found to be local, that is, 
elemental Fe promotes sp2 bonding at the Fe–coke analogue interface. This was 
discussed in detail in Chapter 6. The I(V)/I(G) approach used to illustrate the effect of 
elemental Fe on sp2–sp3 bonding was also adopted to test the effects of quartz (SiO2). 
The resulting plot is given in Figure 9-2. Figure 9-2(a) and 9-2(b) are amended graphics 
of Figures 4-19(c) and 4-24(c) respectively with the shaded area indicating the sp2 












Figure 9-2: An illustration of sp2–sp3 bonding around particle in coke analogues. The 
hashed area is representative of the range of sp2 bonding. (a) coke analogue–Fe 46µm 
and (c) coke analogue–quartz. 
 
From a comparison of Figure 9-2(a) and (b) it appears that quartz (SiO2) had no clear 
discriminating effect on the sp2–sp3 bonding. Also, the trend of the data in Figure 9-2(b) 
did not show a physical distortion effect, that is, an increase in the amount of sp3 
bonding at the quartz (SiO2)–coke analogue interface. A physical distortion in carbon 













0.5µm from metallic iron–coke analogue interface















0.5µm from quartz–coke analogue interface
4µm from quartz–coke analogue interface
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not aligned with one another (see detail description in section 2.2.2 of the literature 
review chapter) [44, 130, 144].    
 
As mentioned previously in Chapters 6, 7 and 8, the effect of elemental Fe on reactivity 
and bonding is often argued as a catalysing effect whereby elemental Fe promotes 
graphitisation (increase sp2 bonding) and hence reactivity [4, 7, 10, 25, 26, 29, 30, 32, 
33, 38, 40, 41, 43, 45-49, 52, 56, 59, 84, 96, 149-152, 180, 183-187]. With quartz (SiO2) 
having no clear discriminating effect on sp2–sp3 bonding, it may be expected that it 
would not promote reactivity.   
 
The suggestion of no clear discriminating effect on sp2–sp3 bonding appears to provide 
a basis to understand why quartz (SiO2) did not increase reactivity, but it is not 
sufficient to answer the question of “how quartz (SiO2) reduced reactivity”. 
 
9.2. Pore interconnectivity using neutron radiography (Dingo) 
This is being carried out to assess whether the presence of quartz (SiO2) particles in the 
analogue blocked the pores and pore walls. The result of this testing is compared to that 
of elemental Fe. 
 
To facilitate a comparison of pore interconnectivity data for the coke analogues (base, 
Fe 46μm and quartz (SiO2)), Figure 4-31 for the base coke analogue, Figure 4-32 for the 
coke analogue–Fe 46µm and Figure 4-34 for the coke analogue–quartz at 0.03mm, 
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Figure 9-3: A plot of porosity versus pore diameter range of the coke analogues showing pore size distribution with slice thickness. (a) 0.03mm, 




From Figure 9-3, it can be seen that the apparent pore sizes of the coke analogues 
increased with increasing thickness of the analogue sample indicating that the pores are 
interconnected. In each case, this suggests that the majority of the pores (~90%) and 
pore walls of the coke analogues are interconnected in 3D.  
 
This high pore interconnectivity in the coke analogues would suggest that the pores and 
pore walls of the coke analogues are accessible for CO2 gas penetration. With all things 
being equal it is unlikely that quartz (SiO2) blocked pores and pore walls.   
 
9.3.  General comment on how quartz reduced reactivity 
From the understanding of the effect of elemental Fe on reactivity which is best 
explained as elemental Fe increasing the number of active carbon sites (Cf in equation 
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This increase in the number of active sites increased reactivity relative to the base coke 
analogue. It is apparent that quartz (SiO2) reduced reactivity and it could be inferred that 
quartz (SiO2) decreased the number of active carbon sites (Cf) available for the coke 
analogue reaction in CO2. 
 
As previously discussed in Chapter 8, elemental Fe is thought to increase reactivity 
through dissolution of carbon into Fe (section 8-1), CO2 gas dissociating on Fe surface 
(section 8-2), redox reaction involving Fe and CO2, and iron oxide and carbon (section 
8-3), and transfer of electrons from carbon into Fe (section 8-4). Under the reaction 
conditions and results of this study, it could be suggested that these mechanisms (8-1 to 
8-4) are not active with quartz (SiO2) addition.   
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9.4. Activation energies of the reaction of the coke analogues prepared 
with elemental Fe and quartz (SiO2) 
The plots of ln RC against 1/T for all the materials tested are given in Appendix VI. The 
activation energy values for zones I and II, and the temperature at the point of 
intersection between the zones for base coke analogue, coke analogue–Fe 46µm and 
coke analogue–quartz are given in Table 9-1.  
 
Table 9-1:  The activation energy values for base coke analogue, coke analogue–Fe 
46µm and coke analogue–quartz.  
 
From Table 9-1 it appears that the zone I and zone II activation energy values for the 
coke analogue–quartz are within a close range (though slightly lower) to the activation 
energy values of the base coke analogue and coke analogue–Fe 46µm. Though there has 
been a decrease in reactivity, likely due to the presence of quartz, this decrease is not 
substantial enough to significantly change the activation energy values.  
 
Summary of main points 
• The addition of quartz (SiO2) to the coke analogue decreased its reactivity 
relative to the base coke analogue. 
• Quartz (SiO2) had no clear discriminating effects on the sp2 and sp2–sp3 carbon 
bonding of the coke analogue from both “bulk” and “local” Raman 
measurements.  
• It is not clear from the results obtained in this study why the addition of quartz 
lowered the reactivity of the coke analogue in CO2. 
 
Coke analogues Zone I kJ.mol-1 Temperature at point of 
intersection (°C) 
Zone II kJ.mol-1 
Base  273.6±0.5 ~1075 55.9±0.4 
Fe 46µm 289.8±0.5 ~1050 43.3±0.4 
Quartz  247.7±0.4 ~1100 54.6±0.3 
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10. The comparative effects of elemental Fe and Fe within a mineral on 
reactivity of the coke analogue  
The comparative effect of elemental Fe and Fe bonded within enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] on the 
reactivity of the coke analogue is discussed in this chapter.    
 
 
A comparison of the effect of elemental Fe and Fe bonded within enstatite ferroan and 
phlogopite ferroan on the reactivity of the coke analogue relative to both coke 
analogue–Fe 46μm is expressed as FWC plots at two different temperatures (see Figure 
10-1). The two temperatures represent the lowest (900°C) and highest (1350°C) 
temperature points of the reactivity experiments. The trends of the reactivity data (speed 










Figure 10-1: A comparison of the effects of elemental Fe and Fe bonded within 
enstatite ferroan (Mg1.56Fe0.44Si2O6) and phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] on the reactivity of the coke analogue expressed as 
plot of FWC versus time with temperature. (a) 900°C and (b) 1350°C.  
 
From Figure 10-1 it can be seen that reactivity increases with temperature, that is, with 
increasing temperature the FWC is more negative for the coke analogues. Further, at the 
same temperature conditions, it can be seen that elemental Fe, enstatite ferroan and 


























the coke analogue reaction can be ranked as base < enstatite ferroan (Mg1.56Fe0.44Si2O6) 
< phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] < Fe 46μm.   
 
As discussed previously in Chapters 7 and 8, elemental Fe was thought to increase the 
number of active carbon sites in the analogue and promote oxygen delivery to the active 
carbon sites relative to the base coke analogue.     
     
To facilitate a better understanding of the effects of Fe bonded within enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] on coke 
analogue reactivity, carbon bonding measurement using Raman spectroscopy was 
carried out to assess their effects on the sp2–sp3 carbon bonding localised closer to the 
particle–carbon interface.  
 
 
10.1. Effects of Fe within a mineral on sp2–sp3 carbon bonding at the 
particle–carbon interface 
 
This was carried out to assess the effects of Fe bonded within enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] on the 
sp2–sp3 carbon bonding localised closer to the particle–carbon interface, and by 
extension understand their effect on reactivity. The result of this testing is compared to 
that of elemental Fe.  
 
As discussed previously in Chapter 5, elemental Fe, enstatite ferroan and phlogopite 
ferroan had no clear discriminating effect on the sp2 and sp2–sp3 bonding of the coke 
analogue as characterised with the I(D)/I(G) versus I(V)/I(G) plot (see Figures 4-19(a), 4-
22(a) and 4-23(a)).  
 
The effect of elemental Fe on the sp2–sp3 bonding was found to be local, that is, 
elemental Fe promotes sp2 bonding at the Fe–coke analogue interface. This was 
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discussed in detail in Chapter 6. The I(V)/I(G) approach used to illustrate the effect of 
elemental Fe on sp2–sp3 bonding was also adopted to test the effects of enstatite ferroan 
and phlogopite ferroan. The resulting plot is given in Figure 10-2. Figure 10-2(a), 10-
2(b) and 10-2(c) are amended graphics of Figures 4-19(c), 4-22(c) and 4-23(c) 


















Figure 10-2: An illustration of sp2–sp3 bonding around particle in coke analogues. The 
hashed area is representative of the range of sp2 bonding. (a) coke analogue–Fe 46µm 













0.5µm from metallic iron–coke analogue interface















0.5µm from enstatite ferroan–coke analogue interface













0.5µm from phlogopite ferroan–coke analogue interface
4µm from phlogopite ferroan–coke analogue interface
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From a comparison of Figure 10-2(a), (b) and (c), the localised effects of elemental Fe 
and Fe bonded within enstatite ferroan and phlogopite ferroan on the sp2–sp3 bonding is 
summarised in Table 10-1.  
 
Table 10-1:  The localised effects of elemental Fe and Fe bonded within enstatite 
ferroan and phlogopite ferroan on sp2–sp3 bonding 
Fe or Fe containing minerals Increased sp2 
bonding character at 
interface 
Comments 
Fe 46µm Yes - 
Enstatite ferroan 
(Mg1.56Fe0.44Si2O6) 
No Trace amounts of Ti in 
enstatite ferroan appears to 
cause an increase in sp2 




Yes means it increased sp2 bonding,  
No means it did not increase sp2 bonding 
 
Though not specifically investigated in this study, it would appear that Ti may be 
having a similar effect to Fe. There was trace amounts of Ti found in the enstatite 
ferroan (Mg1.56Fe0.44Si2O6). If we consider the Ti impurity in the enstatite ferroan, that 
is, position D and E of the non-polarised optical micrograph given in Figure 4-22(c) 
along with position D of the I(V)/I(G) plot given in Figure 4-22(e). It can be seen that in 
this small region the carbon has been graphitised (increasing sp2 bonding). Its effect on 
sp2 bonding was captured in position D and E of Figure 10-2(b). This is consistent with 
what has been reported about Ti in the literature [32, 33, 52]. 
 
Due to the small amounts (trace) of Ti in the mineral and the fact that Ti was not the 
focus of this study no attempt was made to identify its phase. See Figure 10-3 for a 





















Figure 10-3: The backscattered SEM image focused on the enstatite ferroan 
(Mg1.56Fe0.44Si2O6) particle in the coke analogue and associated EDS elemental maps of 
the particle.    
 
As mentioned discussed in Chapters 6, 7 and 8, elemental Fe promotes graphitisation 
(increase sp2 bonding) and reactivity [4, 7, 10, 25, 26, 29, 30, 32, 33, 38, 40, 41, 43, 45-
49, 52, 56, 59, 84, 96, 149-152, 180, 183-187]. In this case, Fe bonded within enstatite 
ferroan and phlogopite ferroan had no clear discriminating effect on the sp2–sp3 
bonding, but increased reactivity. The unanswered question would then be “how did Fe 




 EDS elemental maps 
Excerpt from Figure 4-6(d).  
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10.2. How did Fe bonded within a mineral increase reactivity? 
An increase in reactivity due to the presence of elemental Fe and Fe bonded within 
enstatite ferroan (Mg1.56Fe0.44Si2O6) and phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] is broadly consistent with the literature that have 
reported that Fe and Fe containing minerals increased the reactivity of coke, coal and 
coke analogue [12, 96, 97, 176, 187, 210]. 
 
Attempts were made to understand the effects of Fe bonded within enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] on the 
reactivity of the coke analogue by comparing its data with elemental Fe. This was 
carried out by proportioning the amounts of Fe in the minerals in terms of mass%, 
mole% and particle surface area. The results indicated that there was no obvious 
correlation between Fe bonded within these minerals and elemental Fe.  
 
As previously discussed in Chapter 8, elemental/metallic Fe is thought to increase 
reactivity through dissolution of carbon into Fe (section 8-1), CO2 gas dissociating on 
Fe surface (section 8-2), redox reaction involving Fe and CO2, and iron oxide and 
carbon (section 8-3), and transfer of electrons from carbon into Fe (section 8-4). Under 
the reaction conditions of this study, it is difficult to suggest whether these mechanisms 
(8-1 to 8-4) occurred with Fe bonded within a complex mineral (enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]).  
 
Using temperature programmed desorption (TPD) Kyotani et al. [210] found that Fe 
containing minerals in coal char can dissociate CO2 gas to form CO gas and absorbed 
oxygen atoms. The TPD method is commonly used to examine the desorption of 
oxygen containing species on mineral surface [96, 210, 211]. It can be suggested that 
the formation of these absorbed oxygen atoms, due to the presence of Fe bonded within 




10.3. Activation energies of the reaction of the coke analogues prepared 
with elemental Fe, enstatite ferroan and phlogopite ferroan 
The plots of ln RC against 1/T for all the materials tested are given in Appendix VI. The 
activation energy values for zones I and II, and the temperature at the point of 
intersection between the zones for base coke analogue, coke analogue–Fe 46µm, coke 
analogue–enstatite and coke analogue–phlogopite ferroan are given in Table 10-2.  
 
 
Table 10-2:  The activation energy values for base coke analogue, coke analogue–Fe 
46µm, coke analogue–enstatite and coke analogue–phlogopite ferroan.  
 
From Table 10-2 it appears that the zone I activation energy values for the coke 
analogues are within a close range (though phlogopite ferroan is slightly lower) to the 
activation energy values of cokes (Table 5-3).  
 
Though there has been an increase in reactivity, likely caused by faster delivery of 
oxygen to the carbon surface. That is, the presence of Fe bonded within enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) increased 
oxygen delivery to carbon surface relative the base coke analogue. This increase in 
reactivity is not substantial enough to significantly change the activation energy values.  
 
Summary of main points 
• The effect of elemental Fe and Fe containing minerals effect on coke analogue 
reactivity can be ranked as base < enstatite ferroan (Mg1.56Fe0.44Si2O6) < 
phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] < Fe 46μm. 
• The addition Fe bonded within enstatite ferroan (Mg1.56Fe0.44Si2O6) and 
phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] to the coke analogue 
increased reactivity by promoting oxygen delivery to the active carbon sites (Cf).  
Coke analogues Zone I 
kJ.mol-1 




Base  273.6±0.5 ~1075 55.9±0.4 
Fe 46µm 289.8±0.5 ~1050 43.3±0.4 
Enstatite ferroan 261.3±0.5 ~1035 37.2±0.4 
Phlogopite ferroan 237.0±0.5 ~1050 34.7±0.4 
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• Fe bonded within enstatite ferroan (Mg1.56Fe0.44Si2O6)  and phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] had no clear discriminating effects on the sp2 
and sp2–sp3 carbon bonding of the coke analogue from both “bulk”  and “local” 
Raman measurements.  
 
10.4. Use of analogue data in assessing coke performance in a blast 
furnace 
In this study, the individual effects of minerals (elemental iron, magnetite, enstatite 
ferroan, phlogopite ferroan and quartz) on analogue reactivity has been evaluated. How 
can these data be used to predict coke performance in a blast furnace? 
 
Coke performance in a blast furnace is often evaluated using the coke reactivity index 
(CRI)/coke strength after reaction (CSR) test [3, 21, 179, 188, 221, 224, 225] or 
equivalent. This test relates coke strength to reactivity. The coke analogue reactivity 
data will allow fine-tuning of current reactivity–strength models to improve coke 





The use of metallurgical coke in laboratory studies is problematic. It is a complex 
material (carbonaceous forms, mineral components and pore structure) and displays 
significant heterogeneity on most metrics used to characterise it. While there have been 
many significant and important studies into metallurgical coke, its complexity and 
inherent homogeneity are factors that to some degree limit progress in our 
understanding of key fundamental issues relating to coke reactivity. To address the 
complexity and inherent heterogeneity of metallurgical coke an analogue has been 
developed that has a relatively simple structure and is controllable with respect to 
porosity, mineral addition and mineral size.   
 
 
If the analogue is to be of use, it must first be established that it is representative of 
metallurgical coke in some key respects. This is the primary aim of this thesis.  
Assessment of the porosity, microstructure, carbon-bonding (sp2–sp3), general reaction 
mechanism in CO2 and general reactivity behaviour, confirmed that the analogue was 
representative of metallurgical coke. The primary limitation being that it did not fully 
represent rank of a coke but something that approximates to a constant low rank 
material. Full details of the basis of this conclusion are given in points 1 to 7.  
 
 
The analogue was then used to assess in detail the effects of elemental Fe and Fe added 
as magnetite (Fe3O4) on the carbon bonding and reactivity of the coke analogue. The 







To extend the Fe addition work, evaluation of the effects of quartz and iron added as a 
complex mineral (enstatite ferroan (Mg1.56Fe0.44Si2O6) and phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) on carbon bonding and analogue reactivity were 
also studied.  These effects were simply evaluated in comparison with Fe addition. The 
findings of this assessment are given in points 11 to 12.  
 
1. Three different but complementary porosity measurements of the coke analogue 
were evaluated, these were optical microscopy, mercury porosimetry and neutron 
radiography (Dingo). It was found that the porosity and pore size distribution of the 
analogues are well controlled, reproducible and have less scatter than metallurgical 
coke.  
 
2. The pores in the coke analogues and the metallurgical coke investigated in this 
study are highly interconnected in 3D and typical of that reported in the coke literature.   
 
3. Optical and electro-optical microscopy revealed that the microstructure of the 
coke analogues is uniform and well controlled. The microstructure is made up of carbon 
(graphite grains and carbonised phenolic resin), Fe/minerals and pores. The graphite 
grains and carbonised phenolic resin of the fired analogue appear similar in character to 
the reactive maceral derived component (RMDC) type and inert maceral derived 
component (IMDC) type in metallurgical coke, respectively.  
 
4. The coke analogue has a simpler but similar microstructure to that of 
metallurgical coke. To a large degree, the nature of the carbon component of the 
analogue was a constant in the experimental program, that is, the “rank” of the coke 
analogue was fixed. The mineral phase (size, composition and morphology) in the coke 
analogue is less complex, homogenous, well controlled and evenly dispersed relative to 




5. The Raman spectroscopy assessment of the coke analogue established that the 
I(D)/I(G) and I(V)/I(G) ranges were 0.16–1.55 and 0–0.41 respectively. These values 
overlap with that found for metallurgical coke.   
 
6. Using a large sample TGA, the reactivity of the coke analogues in CO2 at 
temperatures between 900°C and 1350°C was established. In terms of trends with time 
and the effects of temperature, the kinetics of the reactivity of the coke analogue was in 
general similar to those of the metallurgical coke. The coke analogue had a greater 
repeatability than metallurgical coke.   
 
7. Applying the Walker Arrhenius method, two temperature zones corresponding 
to different kinetic control regimes, chemical reaction controlled (zone I) and mixed 
controlled (zone II) were identified in the coke analogues. The zone I activation energy 
for the base coke analogue was comparable to that of metallurgical coke indicating that 
the reaction mechanism of the coke analogue is typical of metallurgical coke.   
 
8.  From Raman measurement of the effects of elemental/metallic Fe on the sp2 and 
sp2–sp3 carbon bonding of the analogue it was found that the Fe increased the sp2 
graphite bonding character of the analogue. This effect was localised to near the Fe 
particle-carbon interface. The effects of both Fe added in its elemental form and readily 
reduced form of Fe3O4 on the sp2–sp3 bonding were discernible at a distance <5µm from 
the Fe–coke analogue interface. The localised graphitisation is similar to what is known 
about iron graphitised metallurgical coke found in the literature.    
 
9. Elemental Fe and Fe added as Fe3O4 increased the reactivity of the analogue 
relative to the base coke analogue. It was thought that elemental Fe and Fe added as 
Fe3O4 increased the number of active carbon sites (Cf) in the coke analogue through 




10. The effects of Fe added as elemental Fe and Fe3O4 on the reactivity of the coke 
analogue were linearly proportional to the surface area of the Fe particles. There was a 
linear relationship between RC and Fe particle surface area. The Fe added as Fe3O4 gave 
a higher reactivity of the coke analogue relative to elemental Fe at a constant 
concentration and similar total surface area.  
 
11. Quartz (SiO2) had no clear discriminating effects on the sp2 and sp2–sp3 carbon 
bonding of the coke analogue from both “bulk” and “local” Raman measurements. The 
addition of quartz (SiO2) to the coke analogue decreased its reactivity relative to the 
base coke analogue.    
 
12. The addition of Fe bonded within a complex mineral (enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) had no 
clear discriminating effects on the sp2 and sp2–sp3 carbon bonding of the coke analogue 
from both “bulk”  and “local” Raman measurements. These Fe containing minerals 
increased the reactivity of the coke analogue relative to the base coke analogue. In 
comparison with elemental Fe their effects on coke analogue reactivity can be ranked as 
base < enstatite ferroan < phlogopite ferroan < Fe 46μm. The Fe containing minerals 
may have increased analogue reactivity by promoting oxygen delivery to the active 
carbon sites (Cf). That is, CO2 gas may dissociate on the Fe containing minerals to 
increase the reactivity of the coke analogue.      
 
 
This study has shown that the coke analogue can be used to study critical aspects of 
metallurgical coke behaviour in the ironmaking blast furnace and by extension other 
coke related applications. In addition, this investigation extends knowledge in the areas 
of fundamental understanding the effects of Fe/minerals on the carbon bonding and 
reactivity of metallurgical coke. Coke performance in a blast furnace is often evaluated 
using the coke reactivity index (CRI)/coke strength after reaction (CSR) test [3, 21, 179, 
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188, 221, 224, 225]. This test relates coke strength to reactivity. This new knowledge 
will allow fine-tuning of current reactivity–strength models to improve coke 
performance in use predictions. 
222 
 
12. Recommendations for future studies 
During this work and on completion, some areas of more work were recognised. These 
areas are recommended for future study.   
 
1. In addition to minerals investigated in this work, other commonly identified 
minerals in coke include alumina (Al2O3), mullite (Al6Si2O13), spinel (MgAl2O4), calcite 
(CaCO3) and iron sulphides (pyrrhotite (Fe1-xS), troilite (FeS) and pyrite (FeS2)). It is 
recommended that the Raman characterisation and TGA experimental approaches 
adopted in the study should be carried out on individual analogue materials prepared 
with these minerals. It is required to understand their effects on sp2–sp3 bonding and by 
extension on reactivity.   
 
2. The Fe added as magnetite (Fe3O4) had a higher effect on reactivity compared to 
Fe added as elemental Fe, that is, reactivity was higher for reduced Fe from Fe3O4 
compared to elemental Fe at a constant particle surface area of Fe. It was thought that 
the Fe added as Fe3O4 increased the number of active carbon sites more than the 
elemental Fe. It is recommended that further studies should be carried out to establish 
how the reduced Fe from Fe3O4 affected the concentration or number of active sites 
relative to elemental Fe.    
 
3. It was found that reaction rate is directly proportional to the Fe (both elemental 
Fe and Fe added as Fe3O4) particle surface area. It is recommended that more robust 
studies should be carried out to establish a mathematic relationship between reaction 
rates and particle surface area of complex coke minerals. This is desirable to predict 
mineral effects on the reactivity of metallurgical cokes.  
 
4. The Fe bonded within enstatite ferroan (Mg1.56Fe0.44Si2O6) and phlogopite 
ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] had no clear discriminating effect on sp2–sp3 
bonding (bulk and localised Raman measurement), but increased reactivity relative to 
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the base coke analogue. It was thought that the Fe bonded within an oxide was able to 
dissociate CO2 gas to increase reactivity. It is recommended that a temperature 
programmed desorption measurement should be carried out to test this suggestion. This 
would help to understand the CO2 dissociating capability of Fe containing minerals and 
by extension other coke minerals.  
 
5. The coke analogues prepared with Fe bonded within enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2], and 
quartz (SiO2) had no significant discriminating effect on sp2–sp3 bonding (bulk and 
localised Raman measurement). It is recommended that these analogues should be 
produced at a higher temperature that would facilitate a reaction between quartz and 
coke analogue carbon (to form silicon carbide) and the decomposition of the Fe 
containing minerals in the coke analogue (to form metallic Fe).  It is envisaged that at 
higher temperatures quartz and Fe containing minerals may affect the sp2–sp3 bonding.  
This would help to understand their effects on coke graphitisation in the high-
temperature zone of the ironmaking blast furnace. 
 
6. An attempt was made to use the BET to investigate gas contact area of the coke 
analogue, but baseline values proved difficult due to the degassing issues associated 
with the coke analogue. It is recommended that further investigation should be carried 
out to modify the BET measurement with the aim to eliminate these degassing 
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496596 Dark grey 
powder 
<45µm 
>99.99 02819TD ND Na 18, Ca 5, K 3, Mg <2, Fe 2, Al 2, (Zr, 
W, Ti, Ta, Sn, Pb, Mo, Li, Cu, Co, Bi, 
Be,  BA, Cr, Mn, B <1) 
09525JE ND Mg 5, Ca 4,  Na 3, (W, Ti, Ta, K, Hf, Cu, 
Cr, Al, Fe, Zr, Zn, Sn, Sb, Pb, Mo, As, V, 





496588 Dark grey 
powder 
<150µm 
>99.99 08108HE ND Na 10, Mg <5, Ca 5, Al 3, K 2, (W, Ti, 
Ta, Hf, Cr, Fe, Zr, Sn, Sb, Pb, Mo, Cu, 
Co, Be, BA <1) 
06527JD ND Al 5, Na 4, Ca 3, Mg <2, Fe 2, (Zr, W, 
Ti, Sn, Nb, Mo, Cr, No, K, Zn, V, Sb, Pb, 
Li, Cu, Co, Ba, B, Be, Mn <1) 




>99.9 MKBR1415V ND Al 13.5, Ba 6.1, Bi 19.1, Ca 1.3,  
Cd 24.2, Co 3.8, Cr 2.1, Mg 37.9,  
Mn 0.7, Na 5.1, Ni 114.6, Pb 116.7,  
Pt 9.3, Sb 35.6, Sn 15.9, W 80.9,  
Zr 3.0.   




>99.5 - Si 0.003, Cr 0.08, Ni 0.05,  
Cu 0.09, Mo 0.02, Mn 0.20,  
P 0.008, S 0.01, C <0.02,  
O <0.17 
ND 








031314 C 0.008, S 0.003, P 0.01, 
Al2O3 0.15, Cr2O3 0.002,  
MnO 0.03, SiO2 0.10,  




LCAK steel Bluescope - 2mm x 
7mm x 
9mm  
99.62 - C 0.056, Mn 0.210, Cr 0.015, 
Cu 0.013, Mo 0.003, Nb 0.001, 
Ni 0.10, P 0.015, S 0.01,  
Si 0.005, Sn 0.002,  
Ti 0.002, V 0.003 
- 
ND – No trace of impurities detected 
* – as reported by supplier 








Appendix II  XRD and XRF measurements   
This is being carried out to establish the chemical composition and phases of the non-
carbonaceous materials used in this study. The XRD data of the coke analogues were 
assessed to check for intercalation in the (002) carbon peak.  
 
II.1. XRD analysis of non-carbonaceous materials used to make the coke 
analogues. 
A GBC MMA XRD unit was used to characterise the phases of non-carbonaceous 
materials used to make the coke analogue and their stability in the coke analogue 
system. The coke analogue materials were detailed in Table 3-5. The XRD analysis was 
carried out with Copper Kα radiation (wavelength λ = 1.54Å). The XRD patterns were 
recorded using a Visual XRD software ViX122D [231] over 2θ diffraction angle range 
20–70°. The generated patterns were subsequently processed using Trace X-ray 
processing software V6 combined with the international centre for diffraction data 
(ICDD) database system [231, 232].  
 
The phases of the non-carbonaceous materials prior to addition to the coke analogue and 
the result phases in the fired and post reacted coke analogue samples were also 
confirmed. The reactivity testing was carried out in CO2 at 1100°C for 2 hours. At 
1100°C, the FWC of the reacted samples was ≥-0.65. The post reacted samples 
maintained their initial cylindrical shape with powdered external surface but broke up 
on transferring from the furnace alumina pedestal to a sample container (except for coke 
analogue–magnetite 46um that deviated significantly from the initial shape and in 
powdered form).  The XRD patterns are given in Figures II-1 to II-7.  
 
The XRD patterns of ashed enstatite ferroan and phlogopite ferroan are given in Figures 
II-8 and II-9 respectively. The minerals were fired in graphite to 1200°C and then ashed 
at 520°C in air.   
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Where more than one mineral phase was identified, Maud diffraction software version 
2.55 [229] linked to crystallography database of crystal structure [230] were used to 
quantify the phases in weight%. The letters used as phase identifier on the XRD pattern, 




Table II-1: List of the letters, mineral names, chemical formula and card numbers of 
the phases identified on the XRD pattern 
Letters Mineral names Chemical formula  Card Number 
[231, 232] 
A Anothite (Ca,Na)(Si,Al)4O8 18-1202 
C Graphite  C 41-1487 
D Gedrite (Fe,Mg,Al)7Al2Si6O22(OH)2 13-0506 
E Enstatite ferroan Mg1.56Fe0.44Si2O6 88-1911 
F Fosterite Mg2SiO4 34-0189 
G Gehlenite Ca2Si(AlSi)O7 89-5917 
H Hematite Fe2O3 33-0664 
I α-Iron Fe 06-0696 
M Magnetite Fe3O4 07-0322 
O Osumilite KMg2Al3(Si10Al2)O30 29-1016 
P Phlogopite ferroan K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2 42-1437 
Q α-quartz SiO2 05-0490 
q β-quartz SiO2 11-0252 
R Iron Rhodium FeRh 25-1408 
S Sanidine KAlSi3O8 80-2107 
U Augite Ca(Mg,Fe,Al)(Si,Al)2O6 41-1483 
  
In Figures II-1 to II-7, the graphite peaks have been truncated to enable the resolution of 
the non-carbonaceous peaks. The inherent non-carbonaceous phases identified in the 
base coke analogue were anothite [(Ca,Na)(Si,Al)4O8] and gehlenite (Ca2Si(AlSi)O7).  
These phases are low level impurities (< 1 mass%) in the coke analogue. The phases of 
the non-carbonaceous materials used to make the coke analogue and their states in the 














Figure II-1: An XRD pattern of the base coke analogue. The letters A, C and G 









Figure II-2: An XRD pattern of metallic iron 1 (Fe) prior to addition to the coke 
analogue and its stability in the fired coke analogue. The letters A, C, G, H, I and M 








Figure II-3: An XRD pattern of metallic iron 2 (Fe) prior to addition to the coke 
analogue and its stability in the coke analogue (fired and post reacted conditions). The 
letters A, C, G, H, I and M represent phases given in Table II-1.    
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Figure II-4: An XRD pattern of magnetite (Fe3O4) prior to addition to the coke 
analogue and its stability in the coke analogue (fired and post reacted conditions). The 








Figure II-5: An XRD pattern of enstatite ferroan (Mg1.56Fe0.44Si2O6) prior to addition to 
the coke analogue and its stability in the coke analogue (fired and post reacted 









Figure II-6: An XRD pattern of phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] 
prior to addition to the coke analogue and its stability in the coke analogue (fired and 
post reacted conditions). The letters A, C, G, O, P, and U represent phases given in 
Table II-1.    
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Figure II-7: An XRD pattern of quartz (SiO2) prior to addition to the coke analogue 
and its stability in the coke analogue (fired and post reacted conditions). The letters A, 









Figure II-8: An XRD pattern of the enstatite ferroan after ashing at 520°C. The letter E 










Figure II-9: An XRD pattern of the phlogopite ferroan after ashing at 520°C. The 
letters D, E, F, H, M and S represent phases given in Table II-1.   
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Table II-2: The phases of the non-carbonaceous materials used to make the coke analogue and their stability in the coke analogue as 
measured by XRD.  
Non-carbonaceous materials Prior to addition Post fired coke analogue (fired 
at 1200°C for 1 hour) 
Post fired coke analogue and 
followed by ashing at 520°C 
Post reacted coke analogues 
(CO2 at 1100°C for 2 hours) 
Metallic iron 1 (Fe) α-Iron (Fe) α-Iron (Fe) – – 
Metallic iron 2 (Fe) α-Iron (Fe) α-Iron (Fe) – Magnetite (Fe3O4) 97.5%, and 
hematite (Fe2O3) 2.5% 
Magnetite (Fe3O4)  Magnetite (Fe3O4) α-Iron (Fe) – Magnetite (Fe3O4) 84.5%, and 



















14.7% and osumilite 
(KMg2Al3(Si10Al2)O30) 85.3% 
Forsterite (Mg2SiO4) 50.9%, 
sanidine (KAlSi3O8) 41.1%, 
gedrite 
[(Fe,Mg,Al)7Al2Si6O22(OH)2] 
4.6%,  hematite (Fe2O3) 3.4% 





(KMg2Al3(Si10Al2)O30) 9.7% and 
augite Ca(Mg,Fe,Al)(Si,Al)2O6 
82.7% 
Quartz (SiO2) α-Quartz (SiO2) α-Quartz (SiO2) – α-Quartz (SiO2) 













II.2. Assessment of intercalation 
Intercalation has been assessed by considering the broadening of the (002) carbon peak. 
The assessment of the full width at half maximum (FWHM) of the (002) carbon peak is 
being carried out to establish the effects of iron and minerals. The FWHM and peak 
position of the (002) carbon peak of the analogues are given in Table II-3. The XRD 
profile over diffraction angle 22–30° is given in Figures II-10 to II-17.   
 
Table II-3:  The FWHM and position of (002) peak in the coke analogues  
Coke analogues Fired Post experimental at 









Base 0.286 26.54 0.336 26.58 
Fe 5µm 0.226 26.56 – – 
Fe 46µm 0.218 26.58 0.222 26.64 
Fe 83µm 0.240 26.54 – – 
Fe3O4 46µm 0.248 26.56 0.332 26.52 
Enstatite ferroan 
(Mg1.56Fe0.44Si2O6) 
0.296 26.50 0.302 26.56 
Phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] 
0.250 26.58 0.256 26.60 
Quartz (SiO2) 0.244 26.58 0.284 26.52 
– Not measured 
 
From Table II-3, it can be seen that FWHM of the coke analogues is relatively similar 
both in the fired and post reacted conditions. It appears Fe and mineral additions did not 
affect the (002) carbon peak, that is no broadening of the peak. That is there appears to 












Figure II-10: An XRD pattern of base coke analogue showing the (002) carbon peak. 







Figure II-11: An XRD pattern of fired coke analogue–Fe 5µm showing the (002) 








Figure II-12: An XRD pattern of fired coke analogue–Fe 46µm showing the (002) 
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Figure II-14: An XRD pattern of fired coke analogue–Fe3O4 46µm showing the (002) 








Figure II-15: An XRD pattern of fired coke analogue–enstatite ferroan showing the 
(002) carbon peak. (a) fired and (b) post reaction in CO2 at 1100°C for 2 hours. 
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Figure II-16: An XRD pattern of fired coke analogue–phlogopite ferroan showing the 








Figure II-17: An XRD pattern of fired coke analogue–quartz (SiO2) showing the (002) 
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II.3. XRF analysis of enstatite ferroan and phlogopite ferroan used to 
make the coke analogue   
A SPECTRO XEPOS energy dispersive X-ray fluorescence spectrometer was used to 
determine the chemical composition of the enstatite ferroan (Mg1.56Fe0.44Si2O6) and 
phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] used to make the coke analogue. 
The XRF analysis complied with the ASTM E1621 ‘standard guide for elemental 
analysis by wavelength dispersive X-ray fluorescence spectrometry’ [233] with the data 
given in Table II-4. 
 
 
Table II-4: XRF analysis of enstatite ferroan and phlogopite ferroan used to make 
the coke analogue.  
Mineral 
name 
Composition in mass% 
 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 
Enstatite 
ferroan 
* 24.4 4.7 52.2 * * * * * * 18.7 
Phlogopite 
ferroan 





Appendix III  Non-polarised optical microscopy 
A Leica DM/RM optical microscope equipped with a Leica DFC295 digital camera (see 
schematic given in Figure 3-11) was used to take non-polarised optical micrographs of 
the coke analogues. This was carried out to ensure representative characterisation of the 
microstructure of the coke analogues.  
 
The non-polarised optical micrographs of the fired coke analogues and a metallurgical 
coke used in this work are given in Figures III-1 to III-9. The micrographs were 
acquired at 250x magnification using the approach illustrated in Figure 3-12 and 
reproduced in the following text.      




A schematic of the positions where the micrographs were taken on the sample 
horizontal cross section. The boxes numbered 1–20 represent the approximate positions 
of the micrographs (Figure 3-12). 
 
The non-polarised optical micrographs of the coke analogues (base and metallic iron 
46µm) are given in Figures III-10 to III-21. The micrographs were acquired at 50x 
magnification using the horizontal and vertical approaches illustrated in Figures 3-12 
and 3-13 respectively. The vertical approach (Figure 3-13) is reproduced in the 
following text. These magnification and approaches were adopted to ensure a wider 
area in both the horizontal and cross sectional views of the coke analogues (fired and 
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A schematic of the positions where the micrographs were taken on the sample vertical 
cross section. The boxes numbered 1–32 represent the approximate positions of the 
micrographs (Figure 3-13). 
 
Given the uniformity of the coke analogues microstructure, only selected micrographs 
are labelled.  
 
Key summary of the non-polarised optical microscopy 
Figure III-1 shows the microstructure of the fired base coke analogue. The graphite 
grains in the base coke analogue appeared to be of similar size to the graphite powders 
(<45µm and <150µm particle size range) used to make it. The carbonised phenolic resin 
appeared to be of less obvious or little grain structure and associated with smaller sized 
pores. If there is a grain structure, it is likely to be <1µm in size and not resolved at the 
magnification used in this study. The size of the pores in the base coke analogue 
appeared to be in the range of 10–500µm. 
 
Figures III-2 to III-8 show the microstructure of the fired coke analogues containing 
metallic iron and minerals. The graphite grains, carbonised phenolic resin and pores 
were similar to the base coke analogue. Iron (Fe) particles in the coke analogues 
(Figures III-2 to III-5) appeared to have sizes similar to the initial particle sizes (Figures 
3-1(a) to 3-1(d)). The Fe particles are more rounded morphology than the original 
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1(d)), indicating they may have gone through a liquid Fe phase during coke analogue 
firing. There was evidence of graphite flake within the iron particles (Figures III-3 to 
III-5). It is difficult to resolve the morphology and graphite flake within the metallic 
iron with <10µm particle size at the magnification used in this study. Enstatite ferroan 
(Mg1.56Fe0.44Si2O6), phlogopite ferroan (K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2) and quartz 
(SiO2) particles in the coke analogues (Figures III-6, III-7 and III-8 respectively) have 
sizes similar to the initial particle sizes (Figures 3-1(e), 3-1(f) and 3-1(g) respectively). 
They also have angular morphology similar to the initial angular morphology used to 
make the coke analogue.   
 
Figure III-9 shows the microstructure of the metallurgical coke used in this study. The 
reactive maceral derived components (RMDC) appeared to have a grain structure with 
size of approximately 50µm or larger. The inert maceral derived component (IMDC) 
appeared to have a less obvious grain structure at the magnification used in this study. 
The IMDC is associated with minerals and smaller sized pores. The mineral phase in 
the metallurgical coke has high variability in their sizes, morphology and distribution.  
 
Given the magnification used to characterise the microstructure of the coke analogues 
given in Figures III-10 to III-21, the particle size range of the graphite grains and 
metallic iron particles were not specified. The sizes of the graphite grains are expected 
to be similar to the initial graphite grains (<45µm and <150µm) used to make the coke 
analogue.  The metallic iron particles are expected to have particle sizes similar to the 
initial particle size range (38–53µm) with a round morphology (relative to the initial 
morphology of agglomerated small spherical particles (Figure 3-1(b)). 
 
Figures III-10 to III-12 and III-16 to III-18 show the microstructure of the fired and 
reacted (post experimental) base coke analogue in horizontal and vertical views 
respectively. The reactivity testing was carried out in CO2 and arrested after 1 hour at 
two different temperatures of 950°C and 1025°C. The samples were reacted for only 1 
hour to ensure its initial cylindrical shape was maintained. That is, to avoid the sample 
breaking up on transferring from the furnace alumina pedestal to sample container at 
254 
 
1025°C. The microstructure of the post reacted samples (Figures III-11, III-12 and III-
17, III-18) was relatively similar to the microstructure of the fired sample (Figures III-
10 and III-16), but there was evidence of preferential loss of carbonised phenolic resin 
compared to graphite grains (remaining only particles of the size similar to the particle 
size of the initial graphite used to make the coke analogue) in the post reacted samples. 
The preferential loss was evident at the external surface of the post reacted sample, but 
difficult to resolve closer to interior of the post reacted sample at the magnification used 
in the study. 
 
Figures III-13 to III-15 and III-19 to III-21 show the microstructure of the fired and 
reacted (post experimental) coke analogue–metallic iron 46µm in horizontal and vertical 
views respectively. The reactivity testing was similar to the base coke analogue above. 
The microstructure of the post reacted samples (Figures III-14, III-15 and III-20, III-21) 
was similar to the microstructure of the fired sample (Figures III-13 and III-19), but 
there was evidence of preferential loss of carbonised phenolic resin (similar to the base 
coke analogue). There was an appearance of preferential loss of carbon around the iron 
particles. Furthermore, closer to the external surface of the post reacted samples, there 
were darker phase on the surface of the iron particles and is thought to be iron oxide 
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Appendix IV  The partial pressure of CO2, CO and O2 in the absence of 
carbon 
This calculation is being carried out to establish the CO2, CO and O2 levels in the 
supply gas prior to the reaction with carbon. The partial pressure of CO2, CO and O2 in 
the absence of carbon can be determined by establishing the reaction IV-1 [63, 64]. 
1-J.mol84.96T-279700=°ΔG       2(g)O2
1
+(g)CO→2(g)CO   IV-1 
 
The relationship between the partial pressures of CO2, CO and O2 and the equilibrium 






=K          IV-2 
where 2pCO , pCO and 2pO are the partial pressures of CO2, CO and O2 respectively 
 
If the total pressure in the reaction is 1 atmosphere, then 
1=pO+pCO+pCO 22         IV-3 
 
Reaction IV-4 was derived from the stoichiometry of reaction IV-1 [63,64].  
2(g)(g)2(g) O2
X
+XCO→X)CO-(1        IV-4 






+X+X-1         IV-5 
where (1- X), X and  
2
X
















=pO2          IV-8 












=K        IV-9 
A simplified form of equation IV-9 can be written as, 
0=X-X)+.(2X)-(1K 322          IV-10 
solving equation IV-10 graphically for values of 0 < n ≤ 1, the values of 2pCO , pCO
and 2pO can be determined. 
 



























Figure IV-1: A plot of partial pressures of CO2, CO and O2 with temperature.  
 
From this figure it can be seen that under the experimental temperature (950°C to 
1350°C) of this study, the partial pressure of O2 (0.0000029 to 0.0005702) and CO 
(0.0000057 to 0.0011404) are negligible, such that the partial pressure of CO2 

































range (1173K to 1623K) 
306 
 
Appendix V Assessment of carbon pick up and loss from the iron during 
firing and reaction with CO2 respectively  
This calculation is being carried out to complement the LECO measurement of carbon 
pick up and loss from iron during analogue firing and reaction with CO2 respectively.  
 
Pick up of carbon in Fe during firing 
The suggestion that Fe is picking up carbon at the firing temperature of the coke 
analogue (1200°C) can be evaluated using the Fick’s second law for non-steady state 





C - C 8 -π Dt= exp .




          
where Cs is the carbon concentration at the surface, Ci is the initial carbon concentration 
of the Fe, C is the average carbon concentration of the Fe at time t, D is the diffusion 
coefficient and L is the semi-thickness. 
 
The variables/parameters in equation 2-14 for the firing condition are given in Table V-
1. 












1200  1.5x10-6 3600 0.1 0.06 ~1.77 (MTDATA plot 
given in Figure 6-2). 
* the analogue was held for  1 hour (3600 seconds) 






= 0.21          V-1 
 
sC + )sC-i0.21(C=C         V-2 
 




From the above calculations, it can be seen that after firing (1.41 mass%) is 
consistent with the value measured with LECO (1.72 mass%). This indicates that the Fe 
picked up carbon after firing. It increased from 0.06 mass% to 1.72 mass%. 
 
Loss of carbon in Fe on reacting with CO2 during reactivity testing 
This situation is likely to occur when regions become carbon depleted and the Fe is 
exposed to CO2 gas. Under such circumstances, we can consider this Fe containing 
carbon reacting with the furnace input CO2/CO gas as established in Appendix IV. 
 
To test for this situation, reactivity testing was carried out at different temperatures 
(950°C and 1025°C) for 2 hours (7200 seconds). 
 
The Cs carbon concentration at the surface of the Fe (austenite) is established from 
equation 2-31 (reproduced in the following text),  
1-J.mol -170.76T165300=ΔG°            (g)2CO→2(g)+CO>C<  [63, 64]   
<C> reference state is graphite. 
 
the relationship between the partial pressures of CO2 and CO, the activity of <C> and 





COp=K          V-4 
the relationship between the Gibbs free energy ∆G° and the equilibrium constant K is,  
RTlnK- =ΔG°          V-5 







COpln RT-=ΔG°         V-6 







COp=>C<a         V-7 
The variables/parameters in equation V-7 for the reactivity testing conditions are given 
in Table V-2. 
 
Table V-2:  The values of a<C> and the corresponding Cs as calculated from V-7 













0.000026 0.999962 -56346.5 8.314 3.65 x 
10-12 
Negligible 
 * data were obtained from Figure IV-1 (Appendix IV) 
# the corresponding Cs data was obtained from the plot of activity of carbon in 
austenite given in the literature [63]. 
 
Using the Fick’s second law for non-steady state diffusion (equation 2-14, reproduced 
in the following text) [155, 156], the average carbon concentration of the Fe ( C ) after 





C - C 8 -π Dt= exp .




          
 
The variables/parameters in equation 2-14 for the reactivity testing conditions are given 





Table V-3:  The loss of carbon in Fe on reacting with CO2 during reactivity testing 
Temp. (°C) D (cm2/sec) 
[63, 155] 
t (sec) L (cm) Ci (%) Cs (%) 
950  4.0x10-7 7200 0.1 1.41 Negligible 









= 0.40          V-8 
 
sC + )sC-i0.40(C=C         V-9 
 









= 0.34          V-11 
 
sC + )sC-i0.34(C=C         V-12 
 
0.48%=C           V-13 
 
  
It can be seen that the average carbon concentration of the Fe ( C ) after reactivity 
testing at two different temperatures (0.56 mass % at 950°C and 0.48 mass% at 1025°C) 
are consistent with the values measured with LECO (0.48 mass % at 950°C and 0.46 
mass% at 1025°C). This indicates that the Fe lost carbon on reacting with CO2 during 




Appendix VI Assessment of activation energies for the reaction of the coke 
analogues 
This calculation is being carried out to establish the effect of elemental Fe, Fe added in 
the form of oxides such as magnetite (Fe3O4), enstatite ferroan (Mg1.56Fe0.44Si2O6) and 
phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] and quartz (SiO2) on the 
activation energy values of the reaction of coke analogue in CO2.  
 
The plot of ln RC against 1/T for the reaction of the coke analogues in CO2 is given in 
Figure VI-1.  
 
Figure VI-1: The plot of ln(RC) against 1/T for coke analogues (Base, Fe 46µm, Fe3O4 
46µm, enstatite ferroan (Mg1.56Fe0.44Si2O6), phlogopite ferroan 
[K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2] and quartz (SiO2)) reacted in CO2 with temperature.  
 
From this figure, the effect of Fe, Fe containing minerals and quartz on the kinetic of 
the reaction of the coke analogues in CO2 can be evaluated. The linear relationship 

































Figure VI-2: The plot of ln RC against 1/T for base coke analogue reacted in CO2 with 







Figure VI-3: The plot of ln(RC) against 1/T for coke analogues (prepared with Fe of 







Figure VI-4: The plot of ln(RC) against 1/T for coke analogue–Fe3O4 46µm reacted in 
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Figure VI-5: The plot of ln(RC) against 1/T for coke analogue–enstatite ferroan reacted 








Figure VI-6: The plot of ln(RC) against 1/T for coke analogue–phlogopite ferroan 







Figure VI-7: The ln(RC) against 1/T for coke analogue–quartz (SiO2) reacted in CO2 





















































R2 = 0.99 
247.4±0.4 kJ.mol-1 




The activation energies for the coke analogues are given in Table VI-1.  
Table VI-1:  The activation energy values for the coke analogues reacted in CO2.  
- Reactivity not measured 
 
From Table VI-1 it can be seen that the zone I activation energies for the coke 
analogues prepared with elemental Fe and minerals are within a close range and similar 
to the activation energies of base coke analogue and cokes (Table 5-3). This is broadly 
consistent with the “bulk” Raman measurement where elemental Fe and mineral 
additions to the coke analogue did not have a clear discriminating effect on the sp2 
bonding and sp2–sp3 bonding of the coke analogue as assessed by I(D)/I(G) versus I(V)/I(G) 
plots. Also, the zone II activation energies for the coke analogues prepared with 
elemental Fe and minerals are similar to that of the base coke analogue. 
 
With no significant change in the zone I activation energy values for the coke 
analogues, it indicates that there is no change in the rate controlling mechanism for the 
reaction of the coke analogue in CO2. That is reaction 2-16, reproduced in the following 
text, is the rate controlling.  
(g)
j
CO   →    C(O)
3
  
Though there is no change in the rate controlling mechanism, there was increased 
reactivity with elemental/metallic Fe. It was thought that elemental Fe and Fe added as 
Fe3O4 increased the number of active carbon sites in the coke analogue through the 
carbon dissolution into Fe and the transfer of electrons from carbon into Fe. Further 
possible additional effects of Fe relating to the promotion of oxygen delivery to the 
active carbon sites through the dissociation of CO2 on Fe surface and redox reaction 
Coke analogues Zone I 
kJ.mol-1 




Base  273.6±0.5 ~1075 55.9±0.4 
Fe 5µm 276.9±0.5 - - 
Fe 46µm 289.8±0.5 ~1050 43.3±0.4 
Fe 83µm 287.7±0.5 - - 
Fe3O4 46µm 238.7±0.5 ~1025 30.7±0.4 
Enstatite ferroan 261.3±0.5 ~1035 37.2±0.4 
Phlogopite ferroan 237.0±0.5 ~1050 34.7±0.4 
Quartz (SiO2) 247.4±0.4 ~1100 54.6±0.4 
314 
 
between Fe and CO2 to form iron oxide and CO, followed by reduction of the iron oxide 
on reaction with carbon.  
 
On comparative with elemental Fe, Fe bonded within a complex mineral (enstatite 
ferroan (Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) 
increased the coke analogue reactivity while quartz (SiO2) addition decreased the coke 
analogue reactivity relative to the base coke analogue.  
 
Summary of main points 
• The addition of elemental Fe and Fe as Fe3O4 to the coke analogue did not 
significantly change the zone I and zone II activation energy values of the reaction 
of the coke analogue in CO2 relative to the base coke analogue.  
• On comparative with elemental Fe, Fe containing mineral (enstatite ferroan 
(Mg1.56Fe0.44Si2O6) and phlogopite ferroan [K(Mg,Fe)3(Al,Fe)Si3O10(OH,F)2]) and 
quartz (SiO2) did not significantly change the activation energy values (zones I and 
II) of the reaction of the coke analogue in CO2 relative to the base coke analogue.  
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Appendix VII Testing for the effect of particle surface area of elemental Fe 
on coke analogue reactivity  
This is being carried out to test the effect of contact area of elemental Fe on coke 
analogue reactivity. In an attempt to evaluate the effect of contact area, the Fe particle 
surface area was varied by, 
• changing the size of the Fe particles at constant mass, and  
• changing the amount or mass of Fe added at constant particle size.  
The FWC plot with temperature for the Fe particles (5μm, 46μm and 83μm) is given in 
Figure VII-1. The (I) denotes higher mass of Fe addition at two different temperatures 
of 950°C and 1100°C.  
 
Figure VII-1 show that reducing the particle size of Fe and increasing the mass addition 
of the Fe all resulted in an increased reaction rate (lower FWC). Both the smaller 
particle size and the increased mass result in an increased surface area of Fe. Therefore 
the result from this figure is consistent with what might be expected with increased 
contact area effects on a heterogeneous reaction, that is, increased contact area of 








Figure VII-1: The FWC versus time of the base coke analogue and coke analogues 
prepared with metallic iron (Fe) reacted in CO2 at different temperatures. (a) 900°C, (b) 




















































Figure VII-1 (continued): The FWC versus time of the base coke analogue and coke 
analogues prepared with metallic iron (Fe) reacted in CO2 at different temperatures. (a) 
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